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Transition metal dichalcogenides (TMDCs) are promising candidates for use in beyond-
Moore electronics, photovoltaics, sensing, and energy storage devices. The highly anisotropic 
crystal structure of TMDCs is characterized by chemically active edge sites and relatively inert 
basal plane layers, which are bonded to each other by weak van der Waals forces. To tailor 
TMDCs’ electronic, chemical and optical properties for different applications, careful control of 
their crystallographic orientation, composition, and layer thickness is required. While the 
commercialization of electronic devices requires uniform TMDC growth over large areas, 
enhancement of catalytic activity necessitates that as many edge sites as possible are exposed to 
the surface. To ensure optimal operation of TMDC-based transistors, engineering the interface 
with different contact metals (including at elevated temperatures and in the presence of surface 
oxides) is important to reduce the resulting contact resistance across the interface. Furthermore, 
the presence of other metals can influence the final morphology of TMDC crystallites during their 
synthesis and alter their resulting properties. In all these cases, to obtain optimal optoelectronic 
and catalytic properties, understanding the role of metal/TMDC interfaces in controlling the 
properties and performance of these materials is crucial.  
The first part of this dissertation discusses experiments in which MoS2 crystals with 
different crystallographic surface orientations are interfaced with other materials (Li, Ge or Ag). 
It then proceeds to explore – using data obtained from in situ X-ray photoelectron spectroscopy 
(XPS) – the interfacial phase transformations that occur during interface formation. Reactions 
across horizontally aligned MoS2 layers are compared with vertically aligned MoS2 layers (i.e., 
predominantly edge sites exposed). An important finding is that the edge sites feature a native 




to prevent the reactive Li species from reducing MoS2 to Mo metal. Ag shows very little reaction 
with either of the samples. The material with exposed basal planes features surface defects 
(vacancies, steps, ledges etc.) that act as sites for the onset of interfacial transformations, which 
occur readily with Ge and Li. Using the Ni-MoS2 system, further investigations were performed 
on the influence of elevated temperatures on interfacial reactions. Overall, the results show that 
MoS2 orientation affects the extent of interfacial reaction in the case of some contact materials, 
but not in others; furthermore, the varied chemistry of different MoS2 surfaces likely contributes 
to these differences.  
Next, the influence of Ni on the growth of crystalline MoS2 is investigated using in situ 
transmission electron microscopy (TEM). An amorphous MoS2 precursor is annealed on different 
substrates – including on Ni films of varying thicknesses – to nucleate and grow polycrystalline 
MoS2. The results indicate that Ni assists lateral growth of MoS2 crystals, as they end up being 
approximately 10 times larger than those without Ni. Other transition metals (Fe, Cu and Co) were 
also examined, but only Ni caused a significant change in the MoS2 crystallite size. Based on in 
situ TEM observations and other ex situ results, it is postulated that this result is due to Ni atoms 
or NiSx clusters increasing the mobility of Mo and S atoms at the MoS2 edge planes, which enables 
faster edge growth rates.  
In the third section, knowledge gained from the fundamental in situ studies of the Ni-MoS2 
system is used to selectively pattern MoS2 growth during chemical vapor deposition (CVD) onto 
Si substrates featuring 300 nm SiO2 on their surface. Growth of MoS2 on thin (~2 nm) patterned 
Ni films but not on the surrounding SiO2/Si substrate was observed. Au thin films were also used 
to seed growth of MoS2 crystals, but once nucleated, MoS2 crystals preferred to grow over the 




growth, crystalline MoS2 was selectively grown over Ni regions which in turn were contacted by 
Au regions. This configuration was utilized to demonstrate fabrication of transistor structures. 
Further studies are needed to explore the effects of Ni dopants on the electronic properties of 
patterned devices.  
Overall, this dissertation elucidates the dynamic structural and phase evolution of MoS2 
crystals both during synthesis, as well as upon interfacing the as-grown crystallites with different 
materials. The combination of in situ and ex situ measurements provide important observations of 
the dynamic phase transformations during and after growth. These results help to fill a knowledge 
gap that exists regarding the engineering of TMDC materials: prior work has provided 
understanding of the atomic-scale structure of active TMDCs for catalysis and optoelectronic 
applications, but the best pathways to synthesize and engineer these materials are not always clear. 
These findings provide a basis for future engineering of TMDC crystal size and morphology via 
addition of different transition metals as well as stabilization of phases across TMDC 
heterointerfaces. This phase engineering could be important for a range of applications, including 






1.1 Layered Transition Metal Dichalcogenides – Chemistry and Structure 
Transition metal dichalcogenides (TMDCs) are layered MX2 type compounds with M 
being a transition metal (Mo, W, etc.) and X a chalcogen atom (S, Se or Te).1–3 Figure 1a shows 
the possible elemental building blocks of MX2 type layered compounds.1 One layer of M atoms is 
sandwiched between two layers of X atoms with the layers loosely bonded through van der Waals 
forces but strong, covalent bonds within each layer.3–6 The two most common crystal structures 
these TMDCs form with are trigonal prismatic (2H) or octahedral (1T), as shown in Figure 1(b).7 
The 2H phase features an ABA stacking sequence, while the 1T phase features an ABC stacking 
sequence. The dimerized 1T’ phase forms under the application of strain to the 1T phase.8 Usually, 
the thermodynamically stable phase is 2H while 1T and 1T’ are metastable.7 The unique anisotropy 
in the chemical bonding allows for easy separation of monolayer TMDCs which have significantly 
different properties from their 3D or bulk counterparts due to quantum confinement effects.9 For 
bulk TMDCs, indirect band gaps are predicted to be 1.23 eV (MoS2), 1.09 eV (MoSe2), 1.32 eV 
(WS2), 1.21 eV (WSe2) correspondingly, while their monolayer counterparts undergo an indirect 
to direct band gap transition increasing the band gap range to 1.5–2.0 eV.10–12 Graphene, on the 
other hand, does not feature a sizable band gap for logic applications and needs surface 
functionalization to introduce a band gap of 0.25 eV,13,14 which in turn degrades the electronic 
properties by introducing defects.15 The exceptional ability to engineer optoelectronic properties 
by altering physicochemical structure has made TMDCs attractive for a wide range of applications, 
including nanoelectronics3,9, energy storage,16 photovoltaics,17,18 water-splitting,19 





Figure 1 Different types and crystallographic structure of transition metal dichalcogenides a)The transition metals 
and the three chalcogen elements that predominantly crystallize in those layered structures are highlighted in the 
periodic table. Adapted with permission from Chhowalla et al.1 b) c-axis and [112.0] section view of single-layer 
TMD in 2H, 1T, and 1T’ coordination. Atom color code: Grey, metal; Blue, chalcogen. Adapted with permission from 
reference7. Copyright 2017, Springer Nature. 
 
TMDCs can exhibit different electronic properties including metallic, semiconducting, 
insulating, and even superconducting depending on the combination of M and X atoms.7 For MoS2, 
the focus of this thesis, the 2H phase, is semiconducting, while the 1T phase is metallic. 1T MoS2 
has been shown to form upon Li intercalation into the lattice and can be reversed to its 2H phase 
easily under irradiation. This is illustrated in Figure 2a below.22 The difference in band structure 
of MoS2 for the two phases is shown in Figure 2b, showing the transition from a semiconducting 







Figure 2 2H to 1T phase transition in MoS2 a) Intercalation of n-butyl lithium into 2H MoS2 layers leads to the 
formation of 1T MoS2. This change can be reversed by irradiation. Adapted with permission from reference 22. 
Copyright 2015, American Chemical Society. b) Total and orbital-projected density of states (DOS) of 
unfunctionalized 2H-MoS2 (b) and 1T-MoS2 (c). The Fermi level (dashed line) is set as zero. Adapted with permission 
from reference23. Copyright 2015 American Chemical Society. 
 
An additional benefit of TMDCs is the ability to engineer the band gap based on the layer 
thickness of the crystal. Figure 3 shows the calculated indirect-to-direct band gap transition going 
from bulk to monolayer MoS2 as shown in a study by Splendiani et al.24 The same study shows 
experimental results that confirm DFT predictions and report a dramatic increase in 
photoluminescence (PL) intensity for monolayer MoS2. This thickness-dependent behavior is 
starkly different from Si nanoparticles, which show PL enhancement but only for particles less 
than 2-3 nm in size.25,26 This ability to engineer a sizable band gap by adjusting the layer thickness 
allows for the possibility of the creation of large-length-scale yet extremely thin and highly 





Figure 3 Calculated band structures of (a) bulk MoS2, (b) quadrilayer MoS2, (c) bilayer MoS2, and (d) monolayer 
MoS2 The solid arrows indicate the lowest energy transitions. Bulk MoS2 is characterized by an indirect band gap. 
The direct excitonic transitions occur at high energies at K point. With reduced layer thickness, the indirect band gap 
becomes larger, while the direct excitonic transition barely changes. For monolayer MoS2 in (d), it becomes a direct 
band gap semiconductor. This dramatic change of electronic structure in monolayer MoS2 can explain the observed 
jump in monolayer photoluminescence efficiency. Adapted with permission from reference24. Copyright 2010 
American Chemical Society. 
 
A typical single crystal of TMDC has relatively inert basal planes (due to weak van der 
Waals interactions between layers) and highly reactive edge sites (due to the presence of dangling 
bonds). This is illustrated in Figure 4 for a MoS2 crystal. The layers are so weakly bonded that 
simple mechanical exfoliation using Scotch tape can pull them apart, resulting in crystals with 
thicknesses down to a single monolayer (6.2 Å). The edge sites, however, are inevitably present in 
any bulk or synthesized MoS2 crystal and feature dangling bonds or defective states, such as S 
vacancies, and are completely different from basal planes in terms of chemical reactivity. This 








Figure 4 Schematic of a single MoS2 crystal showing the position of basal planes and edge sites The magnified inset 
shows the layered S–Mo–S stacking for a crystal with the hexagonal 2H crystal structure.  
 
Jaramillo et al.28 showed that the catalytic efficiency for water splitting reactions for MoS2 
nanoparticle scales with the total length of edge planes on the crystals (Figure 5); thus the edge 
sites are catalytically active while the basal planes are not. While bulk MoS2 is a poor catalyst; 
few-layered MoS2 nanoparticles are cheap alternatives to Pt catalysts while also being photoactive. 
The water-splitting catalyst can be intentionally engineered to have a surface exposed with reactive 
edge sites to facilitate the hydrogen evolution reaction (HER).29–32 On the other hand, a 
nanoelectronic FET device can be designed to feature a monolayer TMDC crystal with only the 
basal plane exposed in the channel, thereby featuring relatively few dangling bonds that contribute 
to interface states and electron traps, but chemical bonding across its edge sites allowing for good 








Figure 5 A series of STM images of MoS2 nanoparticles on Au(111) The particles exhibit the typical polygon 
morphology with conducting edge states. a) MoS2 nanoparticles annealed to 550°C (470 Å by 470 Å, 1.2 nA, 1.9 V). 
b) Atomically resolved MoS2 particle. C) Exchange current density versus c) MoS2 area coverage and d) MoS2 edge 
length. The exchange current density does not correlate with the area coverage of MoS2, whereas it shows a linear 
dependence on the MoS2 edge length. Adapted with permission from reference28. Copyright 2007, American 
Association for the Advancement of Science. 
 
 
Like other thin films, TMDCs naturally feature defects including vacancies, dislocations, 
and grain boundaries.34,35 However, since the surface area to volume ratio is very high for thin 
TMDCs, the defects have a more substantial influence on its properties and hence special attention 
needs to be paid to engineering them appropriately. For instance, S-vacancies often exist as 
charged trap states which serve as scattering centers and degrade electronic properties in 
TMDCs.36 McDonnell et al. showed that defects alone can cause MoS2 thin films to exhibit both 
n-type and p-type doping on the same sample due to variation in S-vacancy concentration.37 The 




also enhancing catalytic activity for water-splitting reactions.37 Ferromagnetic effects resulting 
from anion and cation vacancy clusters have also been reported in MoS2.38  These defects are also 
responsible for the initiation of MoS2 oxidation by -O or -OH substitution of S vacancies resulting 
in gradual aging and degradation of the MoS2 crystal.39 CVD-grown MoS2 crystals show a higher 
defect density and hence lower electron mobility than exfoliated crystals.40  
To add to the variety of applications available using TMDCs, the possibility of growing 
van der Waals (vdW) heterostructures like MoS2/WS2, MoS2/Graphene/hBN and several more has 
been explored as well, opening a whole new dimension of TMDC engineering.41–44 Figure 6 shows 
the concept of van der Waals heterostructures to be analogous to the stacking of Legos.45 Without 
the need for lattice matching, van der Waals epitaxy has enabled the growth of a variety of vdW 
heterostructures, which combine the benefits of each material. Furthermore, Liu et al. showed that 
MoS2 crystals grown through van der Waals epitaxy on substrates like epitaxial graphene/SiC 
showed lower defect density than both CVD MoS2 grown on SiO2 as well as exfoliated MoS2.46  
Several other papers have grown MoS2-based heterostructures for improved vertical tunneling 





Figure 6 2D crystals can be considered to be analogous to Lego blocks (right panel) This allows for the construction 
of a variety of heterostructures with no lattice matching requirement – van der Waals epitaxy. Adapted with permission 
from reference 45. Copyright 2013 Springer Nature. 
 
The optical, electronic, and mechanical properties of TMDCs are strongly controlled by 
their physical and chemical structure. Figure 7 illustrates the complex but nuanced relationship 
between different variables required to achieve the optimal performance of TMDC devices. The 
chemical structure of TMDCs is controlled by the nature of MX2 material, the synthesis method, 
and the growth substrate as well as its physical structure (crystallographic anisotropy, phase, and 
layer thickness). These two interrelated variables further control the resulting optoelectronic, 
catalytic and energy storage properties of the TMDC devices. Finally, the conditions in which a 
device is used (high temperature, or under corrosive conditions) also affect the operation of these 
TMDC devices and hence their optimal performance requires an understanding of all these 




chemical transformations at TMDC interfaces using in situ, real-time characterization and aims to 
contribute to a greater understanding of the importance of controlling synthesis and operation of 
devices to achieve this optimal performance. Specific focus areas are growth and crystallization 
kinetics, transformations on interfacing with metals, and epitaxial growth of TMDC 
heterostructures. 
 
Figure 7 Structure-property correlation for TMDCs An illustration highlighting the relationship between the physical 
and chemical structure of TMDCs and the electronic, optical, and catalytic properties, as well as the stability 
conditions during operation of these devices, made with different TMDCs. 
 
1.2 Layout of This Dissertation 
This dissertation is arranged in the following manner. In Chapter 2, experimental methods 
utilized for the work are discussed, including both the in situ study of interface evolution as well 
as ex-situ analysis of MoS2 thin films on metal and other 2D material substrates. In Chapter 3, the 
role of chemical bonding across contact metals and different MoS2 surface sites (basal vs. edge) is 




4, the role of metal atoms (Ni, Co, Fe, Cr, and Cu) on the growth trajectory of MoS2 nanocrystals 
is investigated using a combination of in situ and ex situ techniques. In Chapter 5, this knowledge 
is used to enable the selective growth of MoS2 channels using patterned metal thin films, 
demonstrating the bottom-up synthesis of MoS2 transistor structures without any photolithography 
steps between the MoS2 channel growth and the metal contacts deposition. Finally, Chapter 6 will 






This chapter describes experimental procedures utilized to gather data for this dissertation. 
Included are descriptions of TMDC synthesis and device fabrication, in situ X-ray photoelectron 
spectroscopy (XPS), in situ heated transmission electron microscopy (TEM) and photolithography, 
along with other procedures. Additional details about other experimental methods are found in the 
relevant chapters. 
2.2 TMDC Synthesis and Device Fabrication 
2.2.1 Preparation of Vertically and Horizontally Aligned MoS2 Samples 
Two types of MoS2 samples with different crystallographic orientations were fabricated 
for the experiments discussed in Section 3. Horizontally aligned or basal plane exposed MoS2 
samples were produced by exfoliating few-layer films from bulk MoS2 single crystals (SPI 
Supplies). These samples were mechanically exfoliated with Scotch tape and then transferred to a 
sample holder for XPS experiments and attached with carbon tape. This procedure was performed 
inside an Ar-filled glove box (MBraun) to minimize surface oxidation. For fabrication of vertically 
aligned or edge site exposed thin films of MoS2, a heavily doped, p-type Si wafer (Addison) with 
orientation was first cleaned by sonicating in a 1:1:1 volumetric mixture of isopropanol, acetone, 
and methanol.  A 50 nm thick film of Mo was evaporated onto the wafer using a Denton electron-
beam evaporator at a pressure of 10−5 Torr. A relatively low deposition rate of 0.1 Å/s was used to 
ensure minimal surface roughness. This Mo thin film was then sulfided in an LPCVD setup under 
inert Ar gas with an elemental sulfur source as reported in a study by Kong et al.29 In a single-zone 




(Sigma Aldrich) was placed inside a 2.54 cm diameter quartz tube. The sulfur source material was 
located 16.5 cm upstream from the center of the tube. Si wafer samples coated with Mo were 
placed in the tube at the center of the heating zone. The system was sealed and evacuated to a 
pressure of 25 mTorr, and it was then flushed with Ar at a flow rate of 110 sccm for 15 min before 
heating. The chamber was then ramped to 700 °C over 15 min, during which Ar continuously 
flowed at a rate of 50 sccm. After this heating period, the furnace temperature was held at 700 °C 
for an additional 30 min under the same Ar flow. It was then naturally cooled to room temperature 
under 110 sccm Ar flow. During this process, the sulfur source material vaporized and reacted 
with the Mo to yield MoS2 thin films with vertically aligned layers. The furnace was vented, and 
the samples were immediately transferred to the glove box to minimize surface oxidation. 
Characterization of the surface of these MoS2 thin films revealed the presence of a SiOx interfacial 
layer, which will be discussed subsequently. This layer was removed by etching the as-synthesized 
material in 2 vol % HF (aqueous solution) for 1 min. As discussed later, this etching step did not 
affect the surface chemistry of the MoS2 material itself. 
 
2.2.2 Atmospheric Pressure Chemical Vapor Deposition (APCVD)  
 While mechanical exfoliation allows for ease of production of high-quality TMDC single 
crystals, large-scale and controlled growth of TMDC single crystals requires a CVD process. The 
CVD process works through a vapor phase reaction between TMDC precursors like MoO3 and S 
for MoS2 at elevated temperature and atmospheric pressure. The reaction product or MoS2 then 
condenses onto a substrate (SiO2/Si, sapphire) and results in nucleation of MoS2. Several studies 
have investigated the influence of parameters like the growth temperature, gas flow rate, and 




growth process for MoS2 single crystals entails the use of MoO3 and elemental S powder which 
are heated to 700 ºC and ~180 ºC, respectively, using a two-zone furnace configuration as shown 
in  Figure 8. To allow for use of low precursor concentrations for selective growth of MoS2 in 
Section 4, ~10 µg of MoO3 powder was spread onto a SiO2/Si substrate placed next to the patterned 
substrates. 
 
Figure 8 Atmospheric pressure CVD setup used to selectively grow MoS2 on patterned substrates in Chapter 5. 
 
Maintaining the pressure at 1 atm is required to allow for very slow and controlled 
vaporization of the precursors since the monolayer growth is sensitive to the precursor 
concentration above the substrate. However, it is important to use a vacuum pump to evacuate the 
hazardous H2S and S vapor which are present in the tube. To maintain the pressure while still 
evacuating the tube downstream, a specialized setup had to be designed. A pressure manometer 
was placed upstream and connected to a Mass Flow Controller (MFC) which was operated as a 
pressure controller.  These two were connected to an external computer which allowed for control 
of the flow rate and operating pressure of the gas. Downstream of the quartz tube, three valves 
were installed. Two modes of evacuating this tube were needed – one which allowed for the 
evacuation of the tube to a lower vacuum level (~10 mTorr) at the beginning of the CVD process 




of its gaseous by-products. Evacuating the tube to a lower vacuum level was important to remove 
the moisture and oxygen residues in the tube before beginning the CVD process.  
 
2.2.3 Spin coating – Solution-processed MoS2 growth 
MoS2 thin films for ex situ characterization were prepared on Si (111) wafers with 200 nm 
thermally grown SiO2. The substrates were cleaned before the spin coating procedure by sonication 
in acetone, methanol, and 2-propanol for 20 min each. Additionally, the surface was rendered 
hydrophilic by performing an RCA clean (1:1:6 mixture of NH4OH/H2O2/H2O) for 10 min at 70 
°C. A 5 wt % solution of ammonium tetrathiomolybdate ((NH4)2MoS4, abbreviated ATM) in NMP 
solution was spin-coated onto the different samples with a spin speed of 3000 rpm. ATM is a solid 
precursor that decomposes to form crystalline MoS2 on annealing to 300-800 ºC as discussed later 
in Section 4.  For the experiments in this section (with Ni addition), Ni thin films were first 
deposited via e-beam evaporation of 5 or 30 nm Ni thin films onto the SiO2/Si substrates. Samples 
were immediately dried in a vacuum oven at 60 °C to remove NMP residue. The samples were 
then placed in a 1 in. quartz tube and evacuated to a base pressure of 25 mTorr to remove all 
residual moisture and oxygen. Ar/H2 gas then flowed over the sample at a flow rate of 100 sccm 
and the furnace was brought up to a pressure of 1800 mTorr. Under this gas flow, the samples 
were heated to varying temperatures between 600 - 900 °C with a heating ramp rate of 100 ºC/min. 
 
2.3 In situ X-ray Photoelectron Spectroscopy (XPS) 
As discussed in the introduction, thin films, especially few-layer TMDCs, have a high 
surface-to-volume ratio. A material’s surface is the point of interaction with the external 




Hence, surface-sensitive chemical analysis to understand and maintain the efficacy of surface 
engineering strategies is necessary.   
XPS, also known as electron spectroscopy for chemical analysis (ESCA), is a technique for 
analyzing the surface chemistry of a material. XPS can measure the elemental composition, atomic 
ratio, chemical state, and electronic state of the elements within a material. XP spectra are obtained 
by irradiating a solid material surface with a beam of X-rays. This results in the emission of core 
electrons as shown in Figure 9, which are then collected by a detector. The kinetic energy (KE) of 
the electron depends upon the photon energy (hν) and the binding energy (BE) of the electron (i.e., 
the energy required to remove the electron from the surface). The detector measures the KE of the 
photoelectrons which is related to the BE of these electrons when present in the solid. Peaks appear 
in the spectrum from atoms emitting electrons of a particular characteristic energy. While the X-
rays have a penetration depth up ~100 µm, photoelectrons that can escape the material with 
characteristic kinetic energies (without inelastic collisions altering the energies) are limited to the 
near-surface region (~1-10 nm).48 XPS requires high vacuum (~10−8 millibar) or ultra-high 
vacuum (UHV; <10−9 millibar) conditions to allow for a larger mean free path for these 
photoelectrons, although a current area of development is ambient-pressure XPS, in which samples 
are analyzed at pressures of a few tens of millibar. The energies and intensities of the photoelectron 





Figure 9 Mechanism of photoemission during XPS analysis. The photoemission process involved for XPS surface 
analysis. The discs represent electrons and the bars represent energy levels within the material being analyzed. The 
equation governing the process is: KE = hν – BE. Reproduced from reference49. 
 
In this dissertation, in situ or real-time XPS investigation of interfacial reactions between 
different metal thin films and the MoS2 surface was carried out. This allows for surface-sensitive 
investigation of interfacial transformations or reactions taking place across the metal-MoS2 
interface. For this purpose, the methodology reported by Wenzel et al. was used.50 An L-shaped 
sample holder was utilized to allow for the sputter deposition of the three different target materials 
(Li, Ag, and Ge) onto the MoS2 samples within the XPS, as illustrated in Figure 10. The holder is 
designed so that the Ar sputter gun within the XPS chamber can be used to deposit the target 
material. The holder features an 85° angle between the upright portion of the holder and the 
horizontal surface. The target material was attached to the upright end of the holder using 
conductive carbon tape, and a MoS2 sample was affixed to the horizontal surface of the sample 
holder 0.5 mm away from the target material. All of these steps were carried out inside an Ar glove 
box to prevent exposure to the atmosphere. The holder assembly was then placed within a vacuum 
transfer stage, which was evacuated inside the antechamber of the glove box. It was then 




oxidation of the MoS2, and it is necessary for preventing oxidation/nitridation of Li metal during 
experiments that utilize Li.  
 
Figure 10 In situ XPS setup. The L-shaped holder to perform in situ XPS features the material to be deposited on the 
upright section while the MoS2 sample is attached to the flat bottom. Ar+ plasma is used to sputter deposit the material 
onto MoS2 on the surface followed by detecting the chemical peaks using the XPS detector.  
 
Each of the target materials to be deposited was prepared in different ways. For Li 
experiments, a piece of Li foil (Sigma-Aldrich, 99.9% purity) was mechanically cleaned with 
Teflon inside the glove box to remove surface oxides before being attached to the L-shaped sample 
holder. For Ag experiments, Ag film (∼300 nm thick) was thermally evaporated (Denton Explorer) 
onto a piece of Si wafer substrate using Ag source material (99.99% purity). For Ge experiments, 
Czochralski-grown, undoped, Ge single crystals (MTI Corp.) were cleaned with deionized water 
to dissolve the surface oxide51 and then transferred to the glove box and attached to the sample 
holder. Once the sample holder was inside the XPS instrument, the sputter deposition of the target 
material was carried out with Ar+ ions using an acceleration voltage of 3.0 keV and an ion current 
of 9.0 μA. The ion beam was rastered over a rectangular area of 4 × 2 mm. The angle between the 




mm above the surface of the MoS2 sample. This resulted in sputtering of the target material in a 
cone-shaped plume, with the plume oriented to partially deposit onto the MoS2 sample. Due to the 
nature of this sputtering process, the thickness of the sputtered thin films varied with position on 
the surface of the MoS2 samples. For repeatable measurements, it was necessary to always collect 
XPS spectra from the same position on the sample. This position was chosen to be that at which 
the maximum amount of material was deposited (Pmax). To find Pmax for each target material, a set 
of XPS scans was performed over a wide area after sputtering. The point at which the integrated 
area of a given XPS peak from the deposited material was maximized was assumed to correspond 
to the thickest section of the deposited film. For these calibration experiments, sputtering was 
carried out onto a Si wafer instead of a MoS2 sample to ensure minimal roughness. During the 
collection of in situ data, high-resolution photoelectron spectra were first obtained at the position 
Pmax on the bare MoS2 sample before any material was deposited. For Li deposition, a series of 
four sequential 3 min sputtering steps were performed, and a high-resolution photoelectron 
spectrum was collected after each sputtering step. For Ag, four sequential 1 min sputtering steps 
were performed, and for Ge, three 1 min sputtering steps and one 3 min sputtering step were used; 
high-resolution photoelectron spectra were similarly obtained. Deposition of ∼1−3 nm of the target 
material was found to allow for in situ determination of the interfacial reactions at the MoS2 surface 
without fully attenuating the XPS signal from the MoS2 buried under the deposited material. Since 
each deposited material attenuates MoS2 photoelectrons to different degrees, the allowable 
deposition thickness is different for Li, Ge, and Ag. To determine the thickness of each material 
as a function of sputtering time, the three materials were sputtered in situ onto an MgO substrate, 
followed by the acquisition of Mg core-level spectra. MgO substrates were used because MgO is 




orientation, and they were plasma-cleaned (PE-25, Plasma Etch Inc.) for 10 min before deposition. 
The thickness of the deposited material was found by using the attenuation of the integrated 
intensity of the Mg 1s peak from the MgO substrate in conjunction with the electron-attenuation 
length (EAL) for the deposited material. The EAL values for each deposited material were 
obtained from the NIST standard database.54 A Shirley background was used for fitting XPS peaks 
in these experiments, and the peak shapes used were 70% Gaussian/30% Lorentzian for all Mo 3d, 
S 2p, Li 1s, and Ge 3d peaks, while a Donjiac−Sunjic line shape was used for the asymmetric Ag 
3d peak. For each high-resolution spectrum, the best fit for each data set was obtained as that with 
the minimum chi-square value.  
 
2.4 In situ Transmission Electron Microscopy (TEM) 
When Anton von Leeuwenhoek first used an optical microscope in 1676 to study 
microorganisms in his local pond,  he was able to investigate real-time the blood flow in their 
capillaries and the movement of their muscle fibers.55 That was a powerful tool to have and led 
him to be called as the ‘father of microbiology’.56 Today, the most powerful microscopes are TEMs 
which use electrons and feature a resolution 10,000 times higher than Leeuwenhoek’s microscope 
(sub-Ångstrom) along with the ability to characterize materials with electron diffraction, energy 
dispersive spectroscopy (EDS), and electron energy loss spectroscopy (EELS), among other 
techniques. For atomically thin 2D TMDCs, a TEM is the ultimate tool to study their structural, 
chemical, and morphological properties.56 A TEM operates by transmitting a high-voltage electron 
beam (200-300 kV) through a thin sample and using the transmitted electrons to form a real-space 
image or a diffraction pattern. Depending on the sample material, the specimen usually must be 




in a few different ways. One mechanism is mass-thickness contrast: heavier atoms and thicker 
regions scatter electrons more effectively, which results in lower intensity in a bright-field image. 
Another contrast mechanism is diffraction contrast, which is generated when imaging crystalline 
samples; this contrast arises from scattering at high angles due to electron diffraction from a lattice. 
Finally, phase contrast can be used to obtain high-resolution lattice images. This contrast results 
from phase shifts and interference of the diffracted electron beam. Recent advances in the field 
allow for use of specialized holders to bias, heat, or cool TEM samples inside the microscope as 
well as perform the imaging under gaseous (N2, O2, H2S) and liquid conditions.57  
In this dissertation, in situ heating in a TEM was performed with a DENSsolutions Wildfire 
S3 heating holder featuring Si-based heating chips with ∼30 nm thick SiNx windows, illustrated in 
Figure 11. Imaging was performed using an FEI Tecnai G2 F30 TEM operated at 300 kV. Before 
TEM imaging, samples were prepared using 5 wt. % solution of Ammonium Tetrathiomolybdate 
(or ATM - (NH4)2MoS4) in n-methylpyrrolidone (NMP), which was sonicated for 20 min. This 
solution was drop-cast onto the heating chip and dried under vacuum. To investigate the influence 
of Ni, 5 or 30 nm Ni films were e-beam evaporated onto the heating chips before drop-casting the 
precursor solution. For all TEM heating experiments, samples were first heated within the TEM 
from 25 to 100 °C with a ramp rate of 1 °C/s. The temperature was maintained at 100 °C within 
the TEM for 15 min to remove organic residues. Following this, the sample was heated from 100 
to 900 °C in increments of 100 °C with a ramp rate of 100 °C/min. After each 100 °C heating 
increment, the sample temperature was held constant for 10 min during TEM imaging. Each in 
situ heating experiment was repeated at least twice. Circumferential integration of SAED patterns 
was carried out using the MATLAB script DiffractIndex. The electron beam dose rate for images 




Images were recorded using a Gatan OneView CCD camera with an exposure time of ∼1 s, and 
the video was recorded at five frames per second. Experiments to investigate the influence of 
electron beam irradiation and growth conditions (vacuum vs Ar/H2) were performed separately and 
are described in the relevant sections.  
 
Figure 11 In situ TEM heating setup a) The single-tilt TEM holder (DENSsolutions) is used to load a specialized TEM 
grid with a MEMS chip featuring Pt electrodes on a SiNx membrane which allows for heating of the grid to 
temperatures up to 1300 ºC. b) A close-up view of the MEMS heating chip showing viewing holes in the SiNX 
membrane. All the TEM imaging is carried over one or several of these viewing holes. Adapted from reference58. 
 
2.5 Sample Preparation and Imaging with Scanning Transmission Electron Microscopy 
(STEM) 
For STEM imaging, MoS2 films grown on SiO2/Si substrates with 5 nm Ni were transferred 
onto holey SiNx TEM grids (Ted Pella, Inc.) using a poly(methyl methacrylate) (PMMA)-assisted 
transfer method. The PMMA solution (MicroChem A9) was spun coat onto a prepared ex situ 
MoS2 film on a 5 nm Ni/SiO2/Si substrate at 4000 rpm for 45 s. Concentrated KOH solution (30 
wt %) was used to etch the SiO2  layer, resulting in a floating PMMA−MoS2 stack which was then 
scooped onto the TEM grid. The TEM samples were rinsed with DI water multiple times and 
cleaned in acetone for 1 h at 80 °C, followed by annealing under Ar/H2  atmosphere at 300 °C for 




equipped with a third-order spherical-aberration corrector. Imaging was performed at an 
acceleration voltage of 80 kV with a spatial resolution of 0.15 Å. The collection angle range was 
40−210 mrad with a convergent angle of 22.5 mrad. EDS hypermaps were obtained using a Bruker 
system. A sum spectrum was captured for each pixel, which was then averaged to yield spectral 
intensity. The scan time was 20 min. 
2.6 Photolithography for Selective Growth and Nanoelectronics Fabrication  
Lithography, which means ‘writing on a stone,’ was originally used by Alois Senefelder in 
1796 as a way to mass-produce textbooks using hydrophobic ink on a hydrophilic surface. 
Photolithography, now using photons, is based on the same principle of transferring patterns from 
a photomask to a photosensitive substrate. The pattern transfer is so powerful that features down 
to ~1 µm (lateral) can be transferred to the substrates. Figure 12 illustrates the basic principle of 
photolithography where a positive (negative) light-sensitive polymer or photoresist is removed 
(not removed). 59 This results in transferring different thin film patterns onto the substrate which 
is essential when fabricating nanoelectronics devices. In the complex CMOS circuits that modern 





Figure 12 Schematic illustration of lithographic techniques to prepare nanomaterials in various feature sizes Adapted 
from reference59. 
 
This research uses the latest, state-of-the-art maskless aligner (MLA) where a CAD 
(Computer-Aided Design) design can be directly transferred onto the photoresist coated substrate 
without needing a photomask. Figure 13a shows the setup of the Heidelberg MLA setup consisting 
of a 385nm laser light (high resolution), a spatial light modulator to control light projection in the 
form of strips of the CAD pattern exposed at a time, a micromirror and lens setup along with a 
high-speed stage for X-Y translation.59 By bypassing expensive and made-to-order photomasks, 
this MLA setup allows quick production of several different patterns ideal for early-stage and 
exploratory research like that done in this work. Several examples of patterns used during this 





Figure 13 Maskless Aligner Photolithography Setup a) A combination of laser, Spatial Light Modulator (SLM), and 
a mirror assembly to transfer a CAD pattern directly onto a substrate with photoresist. Adapted from reference59. b) 
Several CAD designs used in this thesis to produce different metallic thin film patterns on which TMDC thin films 
were subsequently grown. 
 
2.6.1 Other Ex Situ Characterization Techniques 
Several other characterization methods including Raman spectroscopy, grazing incidence 
X-ray diffraction (GIXRD), and atomic force microscopy (AFM) were also used and the details of 






MoS2 has shown promise as a low power, ultra-fast, and atomically thin channel. However, 
contact resistance can manifest due to the presence of a large Schottky barrier height between 
contact metals like Au or Pt and MoS2 as shown in Figure 14.33  
 
Figure 14  Schottky barrier heights for different metals with MoS2 as reported in literature Adapted with permission 
from reference33. Copyright 2015 Springer Nature. 
 
The Schottky barrier limits electron injection into the channel and hence the performance 
of the device. Careful engineering of the metal-MoS2 interface is needed to minimize contact 
resistance. Allain et al.33 showed using DFT calculations that ordinarily, the contact between metal 
and bulk semiconductors like Si results in the formation of covalent bonds between the metal and 
Si (as shown in Figure 15a-b). This results in an inherent Schottky barrier which can be overcome 
through three charge injection mechanisms as shown – thermionic emission, thermionic field 




the formation of an additional tunneling barrier (Figure 15c-d) due to the presence of the vdW gap 
and the absence of bonding between Au and MoS2. This results in thermionic emission as the only 
source of charge injection, which is the cause for the resulting high contact resistance. Metals like 
Ti, on the other hand, react with MoS2 to form covalent bonds at the interface and show 
significantly improved charge injection because of the elimination of the vdW gap.   
 
 
Figure 15 Predicted nature of bonding across MoS2 metal interface. Schematic (a) and corresponding band diagram 
(b) of a typical metal/bulk SC interface. c,d, Metal/2D SC interface with vdW gap (for example, Au–MoS2 contact). e,f, 
Metal/2D SC interface with hybridization (for example, Ti–MoS2 contact, where MoS2 under the contact is metalized 
by Ti). EF, EC and EV represent the Fermi level of the metal, and the conduction and valence bands of the 2D SC, 
respectively. TB and SB indicate the tunnel and Schottky barrier heights, respectively. A, B, B' and C represent 
different regions in the current path from the metal to the SC. The blue arrows in b, d , and f represent the different 
injection mechanisms. From top to bottom: thermionic emission, thermionic field emission and field emission 
(tunneling). In d, only thermionic emission is available. Adapted with permission from reference33. Copyright 2015 
Springer Nature. 
 
Previous studies have demonstrated that contacting the edges of graphene60 and TMDC39 
crystals results in shorter bonding distance and a stronger orbital overlap and hence reduced contact 




while a vdW gap between the different layers of TMDC persists. Hence, the optimal performance 
in this case would be achieved when the metal makes edge contacts to all the layers. Furthermore, 
these guiding principles are based on the assumption of perfect interfaces, which in practice is 
rarely the case. Contact interfaces may have resist residues, may be oxidized, or even require 
annealing for a chemical bond to form. For example, in graphene, during annealing, the carbon 
atoms can dissolve into the contact metal (Ni or Co) and thus form strong covalent bonds, which 
contribute towards a much smaller contact resistance.51 
 Figure 16a-e illustrates the interfacial transformations of an exfoliated MoS2 crystal with 
various contact metals under different vacuum conditions.61,62 For Ti (Figure 16a)61 deposited 
under a high vacuum (HV) condition, no reaction across the Ti-MoS2 interface is observed, in 
contrast to DFT predictions. This is likely due to the passivation of the surface with residual 
oxygen or moisture in the evaporator chamber. However, when Ti is deposited with minimal 
oxygen content under an ultra-high vacuum (UHV) environment of an XPS, the formation of Ti-
S covalent bonds can be observed. Similarly, it can be seen in Figure 16b-e that Au-MoS2 do not 
react under both HV and UHV conditions while Ir, Cr and Sc react with the MoS2 to form a 
combination of metal sulfides, oxysulfides and oxides under HV conditions which are usual to 
cleanroom metal evaporation systems.62 The presence of UHV reduces the surface oxide for Ir, Sc, 
and Cr as well as the interfacial oxide for Sc which can result in crucial differences in charge 
injection capacities. While DFT models predict the nature of bonding between pure interfaces well, 
they fail to estimate the chemical composition across the interface. However, these interfaces play 
a role in controlling the resulting device properties; therefore, such an investigation is critical in 




deposited. This thesis will further investigate the role of surface sites in altering the extent of 
interfacial chemical reactions with various other materials. 
 
Figure 16 Phase transformations across MoS2 surfaces on deposition of a) Ti b) Au c) Ir d) Cr e) Sc under ultra-high 
vacuum and high vacuum conditions. a) is Adapted with permission from reference61. Copyright 2016 American 
Chemical Society and b-e) are Adapted with permission from reference62. Copyright 2016 American Chemical Society.  
 
3.2 Crystallographically Controlled MoS2 Samples – Horizontally and Vertically Aligned  
To understand the impact of crystallographic orientation on the nature of interfacial 
transformations, MoS2 films with either exposed edge sites (vertically aligned) or exposed basal 
planes (horizontally aligned) were fabricated (see Experimental methods Section 2.2.1 for details) 
as shown in Figure 17. A plan-view high-resolution TEM (HRTEM) image and a selected-area 
electron-diffraction (SAED) pattern of a horizontally aligned sample is shown in Figure 17a. The 
electron beam is oriented through the basal planes, as shown in the schematic below. The SAED 
pattern shows that this is a single crystal with the hexagonal 2H MoS2 crystal structure. In contrast, 
Figure 17b shows a plan-view HRTEM image and SAED pattern of a vertically aligned MoS2 
specimen. The image shows that the material is polycrystalline and features an abundance of 
widely spaced lattice fringes; these fringes correspond to the {002} planes with a spacing of 6.2 




scanning TEM image of a similar sulfided MoS2 sample in Figure 17c. This image shows that the 
{002} planes are aligned perpendicular to the surface of the film; also, the surface of the MoS2 
film is rough (<10 nm roughness).  
 
Figure 17 Crystallographically oriented MoS2 TEM a) Plan-view (through-film) TEM image and SAED pattern of a 
horizontally aligned MoS2 specimen exfoliated from a single crystal. b) Plan-view TEM image and SAED pattern of 
a ~15 nm thick vertically aligned MoS2 specimen fabricated via sulfidation of a Mo film; the layers are aligned along 
the electron beam as shown in the schematic below the image. c) Cross-sectional STEM image of a similar sulfided 
~50 nm film of MoS2. The image clearly shows the vertically aligned layers in the MoS2 structure. 
 
3.3 In situ XPS of Phase Transformations across the Material-TMDC Interface 
3.3.1. In situ XPS observation of Li – MoS2 phase transformations 
High-resolution XPS was performed to characterize the pristine MoS2 materials. Figure 18a 
and c show Mo 3d and S 2p spectra obtained from a horizontally aligned MoS2 sample before any 
deposition. The binding energy (BE) values for the most intense Mo 3d and S 2p doublets were 
found to be 229.1 ± 0.1 eV (Mo 3d5/2) and 161.9 ± 0.1 eV (S 2p3/2). These values correspond to 
MoS2 (Mo4+ oxidation state) peaks reported in previous work (Mo 3d5/2BE = 229.3 eV, S 2p3/2 BE 




also be present, as evidenced by the smaller doublets at lower BE in the Mo 3d and S 2p spectra 
at 228.2 ± 0.2 eV (Mo 3d5/2) and 162.1 ± 0.1 eV (S 2p3/2).64 This could be due to the presence of 
surface defects introduced during mechanical exfoliation. These defect sites are a combination of 
S vacancies and metallic clusters of Mo;65 since there are fewer S atoms around the Mo atoms at 
such sites, the electronic environment is different than stoichiometric MoS2.64 
 
Figure 18 Interfacial phase transformations after Li deposition on horizontally aligned MoS2. XPS spectra from a 
horizontally aligned MoS2 sample before (top row) and after (bottom row) 1.3 nm of Li deposition showing different 
peaks: (a, b) Mo 3d, (c, d) S 2p, and (e, f) Li 1s.  
 
Similar to the horizontally aligned sample, peaks arising from stoichiometric MoS2 are the 
primary contributor to these spectra for the vertically aligned samples in Figure 18a and c, with 
small peaks from nonstoichiometric MoxSy. A difference of ∼0.1 eV in the BE of the core-level 
spectra is evident when comparing the two types of MoS2; such differences were commonly 




photoelectron spectra of the pristine vertically and horizontally aligned samples is the presence of 
a more significant O 1s peak on the vertically aligned samples, even after etching (Figure 30). This 
is likely due to both the unavoidable exposure of the vertically aligned thin films to the atmosphere 
as well as to the greater sensitivity of the exposed edge sites to oxidation than basal planes.66 The 
horizontally aligned samples were exfoliated under Ar atmosphere and transferred into the XPS 
under vacuum. Hence, there is minimal oxidation of the horizontally aligned MoS2 samples before 
material deposition. As detailed later in this section, this chemical difference could play a role in 
controlling reactions at interfaces formed with other materials. distinct from the original 
nonstoichiometric MoxSy doublet in a, since S 2p peaks with lower BE also grew after Li 
deposition (Figure 18d). These changes in the Mo 3d and S 2p spectra are consistent with the 
reaction of Li with MoS2 at the interface to form a mixture of Mo0 and Li2S.67 Also, a strong Li 1s 
peak is detected after sputtering (Figure 18f), which verifies that Li is deposited on MoS2. This 
peak likely arises from the presence of a combination of Li2S and Li oxide/hydroxide.68 For the 
vertically aligned MoS2, similar changes of the Mo 3d, S 2p, and Li 1s spectra were observed upon 





Figure 19 Interfacial phase transformations after Li deposition on vertically aligned MoS2. XPS spectra from a 
vertically aligned MoS2 sample before (top row) and after (bottom row) 1.3 nm of Li was deposited on the sample. The 
interfacial SiOx was removed via HF etching before performing this XPS. (a-b) Mo 3d; (c-d) S 2p; and (e-f) Li 1s 
peaks.  
 
3.3.2. In situ XPS observation of Ag – MoS2 phase transformations 
The Mo 3d, S 2p, and Ag 3d spectra for horizontally and vertically aligned MoS2 (HF-
etched) before and after 0.95 nm Ag deposition are shown in Figure 20 and Figure 21, respectively. 
In the pristine state, both samples again show the presence of Mo4+ arising from MoS2, along with 
a minor amount of non-stoichiometric MoxSy, as seen in the Mo 3d and S 2p peaks in Figure 20-
20 a, c. Both the vertically and horizontally aligned MoS2 samples show almost identical behavior 
upon Ag deposition, with insignificant changes in the relative intensity or shapes of the Mo 3d and 
S 2p spectra after deposition. Both samples show a systematic shift of all peaks to lower binding 
energies upon initial Ag deposition, which is due to electronic effects. The asymmetric Ag 3d 




predominant species on the surface after deposition. An asymmetric Doniach-Sunjic lineshape was 
used to fit the metallic Ag peaks. These data show that neither type of MoS2 sample interacts with 
the deposited Ag to a significant degree, which is consistent with thermodynamic arguments 
(Section 3.5).  
 
Figure 20 Interfacial phase transformations after Ag deposition on horizontally aligned MoS2. Deconvoluted high-
resolution XPS spectra before (top row) and after (bottom row) 0.95 nm of Ag was deposited on a horizontally aligned 






Figure 21 Interfacial phase transformations after Ag deposition on vertically aligned MoS2. Deconvoluted high-
resolution XPS spectra before (top row) and after (bottom row) 0.95 nm of Ag was deposited on a vertically aligned 
MoS2 sample from which the interfacial SiOx was removed via HF etching. (a-b) Mo 3d; (c-d) S 2p; (e-f) Ag 3d peaks.  
 
3.3.3. In situ XPS observation of Ge – MoS2 phase transformations 
The Mo 3d, S 2p, and Ge 3d spectra for horizontally and vertically aligned (HF-etched) 
MoS2 before and after 3.6 nm Ge deposition are shown in Figure 22 and Figure 23 respectively. 
The pristine samples again show similar features in the Mo 3d and S 2p spectra before deposition. 
However, upon Ge deposition, the behavior of the two types of MoS2 samples differs. The 
horizontally aligned MoS2 shows the growth of a distinctly reduced Mo doublet at lower BE after 
Ge deposition (Figure 22b); this doublet grows continuously with each Ge deposition step, as 
shown later in Figure 25. Like the Li case, this doublet corresponds to predominantly metallic Mo. 




change in the oxidation state and chemical environment of sulfur. The Ge 3d peak after deposition 
(Figure 22f) corresponds to elemental Ge. 
 
Figure 22 Interfacial phase transformations after Ge deposition on horizontally aligned MoS2. Deconvoluted high-
resolution XPS spectra before (top row) and after (bottom row) 3.6 nm Ge deposition on a horizontally aligned MoS2 






Figure 23 Interfacial phase transformations on Ge deposition on vertically aligned MoS2. Deconvoluted high-
resolution XPS spectra before (top row) and after (bottom row) 3.6 nm Ge deposition on a vertically aligned MoS2 
sample from which the interfacial SiOx was removed via HF etching. (a-b) Mo 3d; (c-d) S 2p; (e-f) Ge 3d peaks.  
 
3.4 Sequential Deposition of Material on the TMDC Surface 
To monitor the evolution of the MoS2/Li interface as a function of the amount of Li 
deposited, a series of four consecutive depositions of Li onto the horizontally and vertically aligned 
MoS2 was performed. Figure 24a, b shows the evolution of Mo 3d core levels for the two types of 
MoS2 samples. The entire XPS spectrum underwent a shift of ∼0.3− 0.4 eV to higher BE after 
initial deposition. As reported previously, this shift is due to band bending in the MoS2 due to the 
electronic interaction with the deposited metal,69 and it is distinct from chemical changes (i.e., the 
presence of elements with different oxidation states). For both types of MoS2 samples, a Mo 3d 
doublet at ∼1.1 eV lower BE belonging to Mo0 was observed to monotonically increase in relative 




species decreased in relative magnitude. The full width at half-maximum (fwhm) of the reduced 
doublet also slightly increased with Li deposition, which could arise from the presence of 
convoluted peaks from multiple oxidation states. Another contributing factor is that the Mo0 
species are known to form extremely small (∼1 nm) nanoparticles after reaction with Li;22,70 the 
small size of these nanoparticles may also influence the peak shape.71 
 
Figure 24 Evolution of Mo 3d peaks with progressive deposition of Li and Ag a) Deposition of Li onto horizontally 
aligned MoS2. b) Deposition of Li onto vertically aligned MoS2. c) Deposition of Ag onto horizontally aligned MoS2. 
d) Deposition of Ag onto vertically aligned MoS2.  
 
Identical in situ depositions and XPS monitoring were carried out with Ag as the target 
material for comparison to Li. Figure 24c, d present the evolution of Mo 3d peaks during sequential 
deposition of Ag onto horizontally and vertically aligned MoS2. Both orientations showed very 
little change of the Mo 3d core levels during Ag deposition. The Mo 3d spectrum was continuously 




significant chemical interactions at the MoS2/Ag interface for both orientations. Negligible 
changes were observed in the S 2p peaks before and after Ag deposition and the Ag 3d peaks 
showed asymmetry and plasmon losses indicating metallic Ag deposition. Finally, a shift of the 
entire spectrum due to band bending to a lower BE was again observed upon initial deposition of 
Ag onto MoS2 and is opposite to that of Li due to expected electronegativity differences between 
Li and Ag (Figure 24c,d). 
Finally, sequential Ge deposition was also carried out on horizontally and vertically aligned 
MoS2. Figure 25a, b presents the evolution of Mo 3d peaks before and after sequential Ge 
deposition steps. In contrast to the cases of Li and Ag, the samples with different orientations of 
MoS2 showed different behavior upon Ge deposition. For horizontally aligned MoS2, a monotonic 
growth of a Mo 3d doublet corresponding to Mo0 was observed after Ge deposition (Figure 25a). 
For the vertically aligned sample (Figure 25b), however, this Mo 3d doublet at lower BE grew to 
a lesser degree in relative area compared to the horizontally aligned MoS2. The S 2p spectra do 
not show significant changes after Ge deposition, and the detection of Ge 3d peaks in both cases 
show that elemental Ge was deposited (Ge 3d5/2 BE = ∼ 29.2 eV).72 These results indicate that 
there is a more substantial chemical interaction at the MoS2/Ge interface for horizontally aligned 
MoS2 than for vertically aligned MoS2.  
Figure 25c summarizes the results for the deposition of Li, Ag, and Ge onto both types of 
MoS2 samples. This plot shows the ratio of the area of the Mo 3d5/2 peak at lower BE (Mo0) to that 
of the original peak (Mo4+) with higher BE as a function of deposited thickness. The data show 
that MoS2 samples with both orientations underwent a similar extent of reaction when in contact 
with Li, while the MoS2/Ag interface did not show significant chemical interactions. The chemical 




Mo 3d5/2 peak growing in relative area for horizontally aligned samples but showing less-
substantial changes for the vertically aligned samples. 
 
Figure 25 Evolution of Mo 3d peaks during the sequential deposition of Ge onto a) horizontally aligned MoS2 and b) 
vertically aligned MoS2. c) The ratio of the area of the Mo 3d5/2 peak with lower binding energy (Mo0 peak) to the 
Mo 3d5/2 peak with higher binding energy (Mo4+ peak) for each of the three deposited materials. This area ratio is 
presented as a function of deposited thickness. Error bars represent the possible deviation in the fitted areas for the 
deconvolution of the Mo 3d5/2 peaks.  
 
The Mo 3d and S 2p core level binding energy values were observed to differ slightly from 
sample to sample, as seen in Table 1. The minor variations in binding energy across samples have 
been reported to be due to inherent surface defects introduced during mechanical exfoliation for 
horizontally aligned MoS2.37 Further variations could arise from differing amounts of surface oxide 





Table 1 Binding energy values of the Mo 3d5/2 (listed first) and S 2p3/2 (listed second) core levels before material 
deposition for the different samples used in this study. 
 
Additionally, multiple experiments were performed for each combination of MoS2 samples 
(vertically or horizontally aligned) and deposition material (Li, Ge, or Ag). In general, the 
experiments for each combination of MoS2 type and deposited material showed consistent results. 
Figure 26 shows the ratio of the area of the Mo0 3d5/2 peak to that of the Mo4+ 3d5/2 peak for 
different experiments using horizontally and vertically aligned MoS2. Li deposition (Figure 26a) 
caused a significant growth of the reduced (Mo0) Mo 3d5/2 peak for both types of MoS2 samples 
in all cases, although the extent of growth varied slightly among the different experiments. For Ag 
deposition (Figure 26b), the ratio of the Mo 3d5/2 peak area arising from Mo0 to that of Mo4+ stayed 
below ~0.45 for all cases. For Ge deposition (Figure 26c), all three horizontally aligned samples 
showed substantial growth of the Mo0 (Mo 3d5/2) peak after deposition, while the vertically aligned 
samples showed fewer substantial changes. For Ag and Ge deposition onto the vertically aligned 
samples with the SiOx interfacial layer, the extent of interaction was always lower than SiOx-free 
samples. This indicates a passivating effect of the SiOx interlayer for these two deposited materials. 
These data show that these results are repeatable and consistent, which indicates that our 
experimental methods are sufficient for monitoring interfacial changes.  
 Horizontally aligned MoS2 
Vertically aligned 
MoS2, HF etch 
Vertically aligned 
MoS2, as-synthesized 
Pre-Li 229.13 eV, 161.98 eV 229.10 eV, 161.94 eV 228.97 eV, 161.81 eV 
Pre-Ge 229.16 eV, 162.00 eV 229.12 eV, 161.95 eV 228.90 eV, 161.74 eV 





Figure 26 The ratio of the area of the Mo 3d5/2 peak for the Mo0 state to that of the Mo4+ state for two sample sets. a) 
Li deposition, b) Ag deposition, and c) Ge deposition. Green data are from horizontally aligned MoS2, orange data 
are from vertically aligned MoS2, and blue data are from vertically aligned MoS2 with an interfacial SiOx layer. 
Different symbols represent different experimental runs.  
 
3.5 Possible Reaction Mechanisms Driving the Phase Transformations 
To rationalize the observations presented herein, it is helpful to examine the 
thermodynamics of possible interfacial reactions. The reaction of MoS2 with a deposited material 
M can proceed according to the following equation (1): 
																																	𝑴𝒐𝑺𝟐 + 𝟐𝒙𝑴 → 𝟐𝑴𝒙𝑺 +𝑴𝒐																																																							(1)	
When the material M is Li, this reaction is thermodynamically favorable since the Gibbs 




a large driving force of ∆Gᵒrxn = -323 kJ/mol of S for the reaction.73 The formation of Mo and Li2S 
upon deposition of Li is supported by our results for both horizontally and vertically aligned MoS2 
samples. This involves the growth of the Mo 3d and S 2p doublets at lower binding energies after 
Li deposition. Even though the S2- species do not change the formal oxidation state during this 
reaction, the S 2p spectrum is expected to be different for Li2S compared to MoS2 because of the 
significantly different electronegativity of Li and Mo (χMo = 2.16, χLi  = 0.98, χS = 2.58).74 Due to 
a total deposition of only ~1.2 nm of Li on much thicker MoS2 films (~50 nm), the interfacial 
reaction is limited by the amount of Li available and only progresses with more Li deposition. This 
conclusion was supported by additional experiments in which the MoS2 surface was monitored 
with XPS for 60 min beyond the time required for the deposition of Li (see Figure 27). The data 
showed that the shape and area of the Mo 3d peaks remained the same over this 60-minute period, 
which indicates that the interfacial reaction proceeded faster than the temporal resolution of these 
experiments (~35 sec). 
 
Figure 27 Evolution of Mo 3d peaks over 60 minutes after initial Li deposition on vertically aligned (left) and 
horizontally aligned MoS2 (right). Scans of the Mo 3d spectrum were collected over 1 hour after a,e) 3.2 Å b,f) 6.4 Å 





An important finding herein is that Li reacts with MoS2 to a similar extent for both 
crystallographic orientations. This finding is in contrast to previous work that has found that Li 
does not exhibit an appreciable interfacial reaction at the edge sites of large single crystals of MoS2, 
as Li intercalation within the crystals was presumed to occur faster than the interfacial reaction 
process.69 However, there was a key difference in methodologies between this previous work and 
our study, as they obtained stepped edge sites by cleaving large single crystals under vacuum, 
implying high crystal quality and a lack of surface oxidation. In our case, surface oxide or 
oxysulfide is present on the vertically aligned samples, and the samples are also polycrystalline 
and rather disordered. While the presence of surface oxide does not prevent the reaction of the 
underlying MoS2 (as proven by the changes in the S 2p spectrum of the vertically aligned samples), 
it may change the kinetics of Li transport as well as cause an interfacial reaction with both the 
oxygen and sulfur species. Furthermore, the disordered nature of the vertically aligned sample may 
also induce interfacial reactions due to the presence of defective sites that cause different reaction 
kinetics than conventional surfaces. 
In contrast to Li, the reduction of MoS2 by Ag is not thermodynamically favorable (∆Gᵒrxn 
= +95 kJ/mol of S).75 The observation of a lack of significant changes of the Mo 3d and S 2p 
spectra for both MoS2 orientations upon Ag deposition is in line with this thermodynamic 
prediction. Minor variations in the extent of interaction with the MoS2 samples were observed 
across multiple Ag depositions. These slight variations could be due to the presence of a variety 
of intrinsic surface defects on the MoS2, which enhances the charge transfer between Ag and MoS2, 





Unlike the Li and Ag cases, the MoS2/Ge interfacial interaction showed a strong 
dependence on the type of MoS2 sample investigated, with the horizontally aligned MoS2 showing 
an apparent reaction with Ge while the vertically aligned MoS2 showed a less substantial 
interaction. Interestingly, the reaction of Ge with MoS2 to form GeS based on equation (1) is not 
thermodynamically favorable, since ∆Gᵒrxn = +57 kJ/mol of S.75 Thus, this thermodynamic 
calculation fails to predict a spontaneous reaction between Ge and MoS2. However, the changes 
in the Mo 3d peaks upon Ge deposition onto horizontally aligned MoS2 strongly suggest that the 
Ge reacts with near-surface sulfur to form reduced Mo. Alternative explanations for this observed 
behavior include the possibility that a reaction other than that shown in equation (1) occurs at the 
interface, and/or that the interface does not behave according to bulk thermodynamics because of 
surface dangling bonds or other defects that are not present in the bulk phases. Regarding the first 
option, the thermodynamics of the reaction would be modified if the deposited Ge formed an alloy 
with the newly produced Mo in addition to reacting with the S species, as shown in equation (2):  
𝒙𝑴𝒐𝑺𝟐 + (𝟐𝒙 + 𝒚)𝑮𝒆 → (𝟐𝒙)𝑮𝒆𝑺 +𝑴𝒐𝒙𝑮𝒆𝒚																														(2) 
Several Mo-Ge alloy phases are known to form at high temperature,77, and assuming a 
sufficiently negative ∆Gfᵒ for such alloys, alloy formation could serve to negate the positive ∆Gᵒrxn 
previously calculated for the overall reaction. Such a mechanism has previously been postulated 
for TMDC interfacial reactions.78	This Ge-Mo alloying mechanism could further be promoted by 
the fact that other studies have also found that TMDC/metal interfaces that show positive bulk 
enthalpies of reaction (up to ~50 kJ/mol) can still show interfacial reactivity.78 Such a phenomenon 
likely occurs because the interface is not a bulk phase and has additional energetic features (e.g., 
dangling bonds, strain energy) that must be taken into account besides bulk free energies of 




phases or solid solutions,79 which supports this alloying theory since Ag did not chemically interact 
at the interface of MoS2. 
In contrast to the behavior of Ge on horizontally aligned MoS2, Ge deposited on vertically 
aligned MoS2 showed less substantial chemical interactions (the reduced Mo 3d doublet at lower 
BE increased less substantially). We postulate that this less significant interfacial interaction is due 
to the differing chemistry and structure of the vertically aligned MoS2 compared to horizontally 
aligned material; in particular, the presence of a thicker oxide (MoOx) or oxysulfide layer may 
play a role. Oxides or oxysulfides that are substoichiometric (i.e., MoOx, where x≤2) could be 
present due to the disordered and non-uniform nature of the surface of the vertically aligned MoS2. 
These materials are likely to exhibit small or positive reaction free energies (for instance, ∆Gᵒrxn = 
+6 kJ/mol of O for the reaction of MoO2 with Ge to form GeO2 and Mo73). Furthermore, such 
interfacial films likely increase the kinetic barrier for the transport of Ge through the interfacial 
layer to interact with the underlying MoS2, which also would decrease the chemical interactions 
at the interface. Beyond surface oxide effects, it is also possible that the disordered and non-
uniform surface of the vertically aligned samples plays a role. These findings have important 
ramifications for interfacial engineering in TMDC-based electronic devices, since the formation 
of a reacted interphase vs. hindered reaction due to the presence of interfacial layers will likely 






Figure 28 Schematic illustrating the chemical nature of interfaces formed upon a, b) Li, c, d) Ag, and e, f) Ge 
deposition onto horizontally and vertically aligned MoS2 samples.  
 
Figure 28 summarizes the findings on interfacial transformations in MoS2 studied in this 
section. These results have important ramifications for interfacial engineering in TMDC-based 
electronic devices and other applications, since the formation of a reacted interphase vs. hindered 
reaction due to the presence of interfacial oxide layers will likely impact important electronic 
properties in different ways, including by altering contact resistance, band structure and electron 
transport. 
 
3.6 Role of Surface Oxide in Altering the Phase Transformations across the Material-
TMDC Interface 
The as-synthesized, vertically aligned MoS2 samples feature a layer of SiOx on the surface. 
HF etching was performed to remove this layer; Figure 29 shows the influence of this HF etching 
step on the Si 2p and O 1s peaks on a typical vertically aligned MoS2 sample. The Si 2p signal was 
significantly reduced after the HF etch, confirming the removal of the SiOx layer. The O 1s signal 





Figure 29 Influence of HF etching on surface oxide (a) Si 2p and (b) O 1s peaks on the surface of vertically aligned 
MoS2 samples before and after HF etching to remove the interfacial SiOx layer.  
 
The effects of oxygen species and surface oxides were also investigated, since oxygen 
species have been shown to alter the chemical nature of the interface formed between TMDCs and 
other metals.61 As seen in Figure 30, the exfoliated horizontally aligned samples have only minimal 
surface oxide because of the relatively inert nature of the basal planes. An adsorbed layer of oxygen 
and adventitious carbon (giving rise to C-O bonds) was observed for horizontally aligned samples. 
The vertically aligned samples feature more substantial O 1s peaks. This likely corresponds to a 
mixture of Mo oxides and/or oxysulfides. The presence of a mixture of MoO2 and MoS2 has been 





Figure 30 High-resolution O 1s XPS spectra on pristine horizontally aligned MoS2 and vertically aligned MoS2 that 
was HF-etched to remove the SiOx interfacial layer.  
 
Figure 31 shows the evolution of O 1s XPS core levels during the deposition of the various 
materials on both types of MoS2 samples. Negligible or small amounts of surface oxide are 
detected before any material deposition for the horizontally aligned MoS2 samples, as displayed 
in  Figure 31a, c, and e (bottom traces). Trace amounts of impurities present in the natural crystal 
can be responsible for the relative differences. As discussed previously, the vertically aligned 
MoS2 samples exhibit more substantial oxygen signals (Figure 31b, d, f). 
Upon Li deposition (Figure 31a and b), the integrated area of the O 1s peak is observed to 
increase for both horizontally and vertically aligned MoS2 samples. As discussed previously, this 
is due to the partial oxidation of the lithium during the deposition process. The O 1s spectrum also 
changes shape in both cases, with additional signal intensity at lower binding energies. This is 
likely due to the formation of different lithium-oxygen compounds. Upon Ge deposition, the 
horizontally aligned MoS2 (Figure 31c) shows only minor O 1s peaks that remain approximately 




deposition (Figure 31e). In both cases, this behavior arises due to the burying of the initial adsorbed 
oxygen species by the deposited material; the XPS signal during deposition then arises due to small 
amounts of surface oxide on the Ge or Ag film. For the deposition of both Ge and Ag on vertically 
aligned MoS2 (Figure 31d-f, respectively), the O 1s peak intensity decreases upon initial deposition 
due to the deposited material covering the Mo-oxide layer. 
 
Figure 31 Evolution of O 1s spectra with depositiona) Li on horizontally aligned MoS2, b) Li on vertically aligned 
MoS2, c) Ge on horizontally aligned MoS2, d) Ge on vertically aligned MoS2, e) Ag on horizontally aligned MoS2, and 
f) Ag on vertically aligned MoS2. All vertically aligned samples were etched with HF to remove the interfacial SiOx 
layer. The pristine sample is the bottom trace for each plot. Each Li deposition step deposits 3.2 Å, each Ge deposition 
step deposits 6.0 Å (except the last one being 18.0 Å), and each Ag deposition step deposits 2.8 Å.  
 
To further investigate the behavior of surface oxide, the peak areas (integrated intensity 
under the respective peaks) of Li 1s, Ge 3d, and Ag 3d were compared for the two orientations of 
MoS2 as a function of deposition of the respective materials (Figure 32). The area values were 
normalized using their pre-deposition values and hence all curves start at 1.0 but have not been 
scaled using their relative sensitivity factors, hence the widely different values of area growth. As 




samples, across all depositions. This trend suggests that despite sputtering Li, Ge and Ag under 
identical conditions, more of these elements are detected on the surface of the vertically aligned 
MoS2. This is possibly due to the hindrance to diffusion of these elements into the MoS2 lattice 
introduced by the presence of surface oxide on the vertically aligned MoS2. The diffusion barrier 
for the horizontally aligned MoS2 is much lower due to negligible surface oxidation.  
  
Figure 32 Evolution of area (integrated intensity) values for a) Li 1s, (b) Ge 3d, and (c) Ag 3d with each deposition 
step. The area values have all been normalized to their respective pre-deposition area value and hence they all start 
at 1.0. No relative sensitivity factor has been accounted for to calculate these areas of high-resolution XPS scans.  
The following conclusions can be drawn from these results: 
• The vertically aligned MoS2 is more susceptible to surface oxidation possibly due to the 




• Sample-to-sample variation of this surface oxide exist, as seen in Figure 31b, d, and f, despite 
using identical fabrication conditions. 
• The surface oxide on the vertically aligned MoS2 may pose a kinetic barrier to diffusion of 
material across the MoS2-material interface. 
Thus, contrary to the common understanding of vertically aligned MoS2 being more 
chemically active, the passivation of its surface due to oxidation can not only affect its chemical 
reactivity to a large extent but also hinder the diffusion of interfaced materials through it. This 
alters the kinetics of the reaction across the material-MoS2 interface, in turn altering the 
composition and possibly its properties. 
3.7 Role of Annealing in Assisting Phase Transformations across the Metal-MoS2 
Interface 
Annealing of metal-TMDC interfaces is routinely performed to remove photoresist 
residues and improve the bonding across the interface. Several studies have shown that annealing 
lowered contact resistance and improved the electronic switching properties of such devices.81–86 
Leong et al. showed that annealing Ni-graphene interfaces resulted in the dissolution of carbon 
atoms into the Ni contacts which was the cause of the lower contact resistance.51 Furthermore, 
annealing can also alter the physical structure across the interface even when no chemical reactions 
occur. Chen et al. demonstrated the formation of a single-crystalline Au film on deposition 
followed by annealing on a bilayer MoS2 grown on sapphire substrates.87 While depositing and 
annealing Au only on sapphire or mica substrates resulted in the formation of discontinuous islands 
of Au, the Au/MoS2/sapphire stack resulted in the formation of single-crystalline Au contacts with 




With this in mind, it was important to investigate the role of annealing on the interface 
character of our horizontally and vertically aligned MoS2 samples. It also enabled the investigation 
of elevated temperatures on the diffusion kinetics of metal atoms through the surface oxide layer 
discussed in Section 3.6. Ni was the metal of choice because it is thermodynamically favorable for 
it to react with MoS2 both during its synthesis and with grown MoS2 crystals.88–94 The reaction 
mechanisms are discussed in greater detail in the upcoming sections. Ex-situ grazing incidence X-
ray diffraction (GIXRD) was utilized to understand the change in crystallite size and structure on 
annealing Ni-MoS2 samples. First, several pristine MoS2 samples were fabricated starting with 
sulfidation of 2 nm Mo (horizontally aligned) and 10 nm Mo (vertically aligned) films via the 
methods discussed in Section 2.2.1. Then, 2 nm of Ni was deposited on both types of MoS2 
samples. These Ni-MoS2 samples were then annealed under Ar/S atmosphere in a procedure 
identical to the sulfidation of pure MoS2 samples. Finally, 2 nm Ni was deposited onto 2 nm Mo 
and 10 nm Mo samples before sulfidation, and then they were sulfided together under the Ar/S 
atmosphere. These resulted in the Ni-Mo sulfided samples.  
Figure 33 shows the GIXRD curves for all of these samples. It is important to note that the 
intensity of these peaks depends on both the material thickness as well as the physical size of the 
samples. The intensity is not normalized by the sample size even though the size of the samples 
was very similar (~ 1 cm2). Hence, the FWHM of these peaks rather than intensity is used for 
comparison and understanding of the physicochemical changes post-annealing. The horizontally 
aligned pristine MoS2 sample shows a very weak and broad peak at ~14˚ (0002) due to its ultra-
thin nature with only 2 nm Mo being sulfided. The broad peak suggests that the film is highly 
polycrystalline and disordered even after sulfidation at 700 ˚C. It is interesting to note, however, 




peak increases substantially. When 2 nm Ni is deposited on 2 nm Mo and then sulfided, this peak 
is even sharper. The (0002) peak corresponds to horizontally aligned (i.e., basal-plane exposed) 
MoS2 since the plane normal is along the c-axis. This implies that Ni undergoes a reaction with 
these horizontally aligned MoS2 layers to result in increased crystallite size. Note that basal planes 
in a single crystal of MoS2 are thought to be relatively inert due to weak bonding via van der Waals 
forces. However, in the case of polycrystalline MoS2, grain boundaries, steps and terraces could 
be among the surface defects contributing to the presence of active edge sites. Previous studies 
have suggested a likely reaction between Ni atoms and edge sites of MoS2 crystals which in turn 
allow for faster lateral growth of these crystals. The mechanism of this process is investigated with 





Figure 33 GIXRD curves for horizontally and vertically aligned MoS2 sulfided under different conditions. For the Ni 
on MoS2 samples, Ni was deposited on pre-sulfided MoS2 and annealed under Ar/S conditions again. For the Ni-Mo 
samples, the samples were exposed to sulfur only once and together. The peak marked (0002) corresponds to 
horizontally aligned MoS2 while (101.0) corresponds to vertically aligned MoS2. 
 
However, the case with vertically aligned MoS2 is significantly different. The pure 10 nm 
MoS2 features only one peak at ~32˚ (101.0), corresponding to vertically oriented crystals (i.e., the 




difference in the FWHM of this peak is seen. However, when the Ni-Mo sample is sulfided 
together, a very intense (0002) peak (also due to the presence of more material) is observed. It is 
sharper than the peak observed for the 2 nm Ni- 2 nm Mo sulfide sample. This large difference 
suggests that the vertically aligned MoS2 is oxidized, preventing a reaction across the Ni and MoS2 
interface.  
Further detailed experiments with cross-section TEM visualization of this interface are 
needed to understand behavior in greater detail. However, this study shows how important it is to 
keep the surface oxide or passivated edge sites in mind when designing any applications utilizing 
these metal – MoS2 interfaces.   
 
3.8 Conclusions 
This study has presented a detailed investigation of the interactions of three different 
materials (Li, Ag, and Ge) on horizontally and vertically aligned MoS2 surfaces. Li was found to 
reduce MoS2 with both orientations, despite the presence of surface oxide or oxysulfide on the 
vertically aligned sample. Ag did not substantially react with either, while Ge showed unique 
behavior exhibiting a reaction with horizontally aligned MoS2, but not with vertically aligned 
MoS2. A key finding herein is that the different reaction products are likely affected both by the 
presence of surface defects and the propensity of the edge sites of MoS2 to form thin oxide layers. 
As seen on annealing the Ni-MoS2 systems, these surface interactions, in addition to bulk 
thermodynamics, likely have an impact on the extent and pathway of the interfacial transformation 
with different deposited materials. The transport of electrons through interfaces in electronic 
devices and energy storage systems will depend critically on the chemical and electronic properties 




of important interfaces. It will be of interest in future work to relate the chemical and structural 
properties of these various interfaces to their electronic transport characteristics so they can be 






Alumina-supported MoS2 is among the best materials for hydrodesulfurization (HDS) 
catalysis, which involves the removal of naturally-occurring sulfur from petroleum feedstock to 
reduce sulfur dioxide emissions.95,96 Additionally, MoS2 has shown promise for the electrocatalytic 
hydrogen evolution reaction (HER),28,66,97,98 which is a key reaction involved in water splitting. In 
all of these cases, the highly anisotropic, layered crystal structure of TMDCs plays a key role in 
governing the properties critical for these applications. Beyond these considerations, the addition 
of dopants or additives to TMDCs has been shown to impact structure and properties in a variety 
of important ways. Industrial HDS catalysts contain promoter atoms, such as Ni or Co, which are 
added to the MoS2 to enhance catalytic activity.94,99 Previous research has shown via both STM 
(scanning tunneling microscopy) and DFT (density functional theory) studies that these promoter 
atoms are located at the edge sites of thin MoS2 crystals, which are thought to be the active sites 
for catalysis as shown in Figure 34.94,100,101  The Ni or Co species can also alter selectivity between 
different reaction pathways.93 Recent work using aberration-corrected transmission electron 







Figure 34 Atomic structure of Ni-Mo-S (a) Atom-resolved STM image of type A Ni–Mo–S (61×61 
Å2, Vt=−600 mV, It=−0.51 nA). (b) Ball model of type A Ni–Mo–S. (c) Side view of the MoS2 (101.0) edge. (d) Side 
view of the Ni–Mo–S(1.010) edge. S: yellow, Mo: blue, Ni: cyan. Adapted with permission from reference 94. Copyright 
2007 Elsevier Inc. 
 
A variety of transition metal atoms have been used to enhance catalytic activity in HER 
catalysts as well. Figure 35 shows the change in the electrochemical properties of doped MoS2 
catalysts with different transition metals affecting the current density and overpotential to different 
extents.104 Substitutional or surface-adsorbing dopants are also known to affect the electronic and 
optical properties of thin MoS2 materials within devices,105–108 and the presence of other elements 
such as carrier agents or chemical modifiers during chemical-vapor-deposition-based synthesis of 
TMDCs can affect their growth.109,110 Finally, additions of certain transition metals may be 
beneficial for the growth of high-quality semiconducting films, as prior work has shown that the 
presence of Ni or Cr can alter TMDC crystal morphology when synthesized from solid-state 





Figure 35 Electrochemical activities of various catalysts toward HER (A) HER polarization curves of various catalysts 
as indicated. (B) Tafel plots of the corresponding electrocatalysts derived from the early stages of HER polarization 
curves. Adapted with permission from reference 104. Copyright 2017 American Chemical Society. 
 
The most efficient catalyst would require the maximized density of these metal decorated 
edge sites during the synthesis of these MoS2 crystals. These catalysts are almost always fabricated 
by sulfiding a mixture of Mo, Ni and/or Co oxide/metal precursors either under controlled sulfo-
reducing conditions or in situ as in the case of HDS catalysts.113 The sulfidation step occurs before 
HDS catalysis, and it is designed to transform the inactive Mo-Ni/Co precursor material into 
catalytically active MoS2-Ni/Co material. Although this sulfidation step is critical for producing 
active nanostructures, key information regarding the relationship between the 
structure/morphology of the initial precursors and the final material after the transformation is 
often overlooked. Figure 36 clearly shows the influence of the promoter atoms, substrates and 
sulfiding conditions on the catalyst morphology (a) and the grain-size distribution (b). In many 
cases, the structure of as-synthesized TMDC materials that contain dopants or additives is known, 
but the processes that govern crystal evolution during synthesis are not understood. Elucidating 
such processes is important, since understanding the growth mechanisms of TMDC materials is 
key for design and fabrication of materials with optimized structure, morphology, and properties 




these materials while understanding the structural evolution during growth of such metal added 
TMDC structures.91,114,115 Improved understanding of the dynamic materials transformations 
during the sulfidation process using well-defined nanostructured systems, along with new 
techniques to control structure and composition of complex MoS2/transition metal materials, are 
necessary for the development of HDS catalysts with improved activity and selectivity. 
 
Figure 36 Crystal morphology is influenced by growth conditions a) Influence of various variables on the resulting 
morphology of the MoS2 nanoparticles during synthesis - growth support, promoter atoms and sulfiding conditions. 
Adapted with permission from reference 100. Copyright 2013 Elsevier Inc. b) Distribution of sulfur edge length versus 
total edge length with representative STM images for each promoting metal. A ratio of 0 indicates the unpromoted 
(triangular) MoS2 case, whereas a ratio of 0.5 indicates a perfectly hexagonal cluster with even amounts of Mo and 
S edges. Adapted with permission from reference 101. Copyright 2010 Elsevier Inc. 
 
In situ experimental methods, such as TEM, have been used in recent years to investigate 
transformations in TMDC materials.116–118 However, only a few recent studies have directly 
revealed TMDC growth processes from the precursor stage.119–122 Here, we use in situ TEM and 
other ex situ characterization methods to investigate the effects of Ni on the dynamic crystallization 
and growth process of MoS2 crystals from an amorphous precursor during heating. The addition 




grow compared to the Ni-free case. In contrast, the presence of higher concentrations of Ni 
suppresses MoS2 formation, instead resulting in the formation of Ni and Ni-sulfides. X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and Raman spectroscopy confirm these 
results under similar ex situ conditions. The direct in situ observation of increased edge plane 
mobility in the presence of low concentrations of Ni indicates that the mobility of species at edge 
planes controls growth in this system. These results show that addition of transition metals like Ni 
can significantly influence the growth process of MoS2, and this work has important implications 
for tailored design of MoS2 materials for electronic and catalytic applications.  
 
4.2 Crystallization of MoS2 at Elevated Temperatures Investigated via in situ TEM 
To investigate the dynamic growth process of MoS2, in situ TEM experiments were carried 
out in which ATM ((NH4)2MoS4), was heated inside a TEM using a single-tilt chip-based heating 
holder. Previous research has shown that heating of ATM under N2 or vacuum atmosphere causes 
it to decompose to form MoS2 through a two-step process (equations 3 and 4):123,124 
 
									(𝑵𝑯𝟒)𝟐𝑴𝒐𝑺𝟒 → 	𝟐𝑵𝑯𝟑	(𝒈) +	𝑯𝟐𝑺	(𝒈) + 	𝑴𝒐𝑺𝟑	(𝒔)						(	𝟏𝟓𝟓	°𝑪	 − 	𝟑𝟎𝟎	°𝑪)             (3) 
																																		𝑴𝒐𝑺𝟑 → 		𝑴𝒐𝑺𝟐	(𝒔) + 𝑺	(𝒈)						(	𝟑𝟎𝟎	°𝑪	 − 	𝟖𝟐𝟎	°𝑪)                            (4) 
 
This precursor has been used previously to synthesize wafer-scale MoS2 thin films using 
spin- and dip-coating methods, with electronic and optical properties comparable to crystalline 
MoS2 grown using conventional chemical vapor deposition through sulfidation of Mo, MoO3 or 
MoCl5.125–127 The advantages of precursor decomposition for MoS2 growth include the ease of 
application via spin-coating, and that it does not require a sulfiding atmosphere for growth. 




to control thickness. Regardless, the use of the ATM precursor is beneficial herein for controlled 
growth of MoS2 thin films inside the high-vacuum environment of a TEM without the introduction 
of additional sulfur. 
We first investigated the growth of MoS2 from ATM without any added Ni. Similar in situ 
TEM experiments detailing the growth of pure MoS2 have recently been reported by Fei et al119 
ATM in n-methyl pyrrolidone (NMP) solution was drop-cast onto a ~30 nm thick SiNx membrane 
on a silicon TEM heating chip and dried under vacuum, leading to formation of ATM islands with 
non-uniform thickness. Inside the TEM, the chip was heated from room temperature to 100 °C to 
remove any solvent residue, and then the chip was further heated to 900 °C in steps, with a 10 min 
hold every 100 °C. Additional sample preparation and experimental details are listed in section 2.4 
(Experimental Methods). 
Images of the growth of crystalline MoS2 during heating of pure ATM precursor are shown 
in Figure 37. ATM was amorphous at 100 °C, as seen by the lack of visible lattice fringes and the 
diffuse intensity in the fast Fourier transform (FFT) inset (Figure 37a). Heating of ATM to 400 °C 
led to crystallization of MoS2 into a polycrystalline film with (0002), {101.0}, and {112.0}lattice 
fringes visible (Figure 37b). These few-layer MoS2 crystals were ~2-5 nm in size, and the FFT 
inset shows continuous rings produced by these fringes. The material consists of crystals with 
random orientation; the (0002) lattice fringes that are predominantly visible correspond to crystals 
with vertically-oriented basal planes. Horizontally-oriented basal planes would give rise to {1010} 
and {112.0} lattice fringes. Upon further heating to 600 °C (Figure 37c), the material largely 
retained this polycrystalline structure. Heating to 800 °C led to reorientation of many of the MoS2 
crystals so that their basal planes were horizontally-oriented (Figure 37d) leading to a reduction of 




domain sizes (~1-2 nm) with a high degree of disorder. Regions of  vertically-oriented MoS2 are 
also visible. The MoS2 crystals increased in size upon heating to 900 °C, possibly due to 
coalescence of smaller crystals (Figure 37e). Furthermore, Mo metal particles were observed to 
grow from the MoS2 at this high temperature due to the decomposition of MoS2 (MoS2  → Mo + 2S) 
under vacuum. These results are largely consistent with the previous study by Fei et al.119 which 
investigated growth of MoS2 crystals with in situ TEM under similar conditions. The illustration 
in Figure 37f summarizes the growth of MoS2; these results provide a baseline for comparison to 
precursor that contains Ni.  
 
Figure 37 In situ TEM images showing the evolution of ATM precursor during heating to (a) 100 °C, (b) 400 °C, (c) 
600 °C, (d) 800 °C, and (e) 900 °C. Note that each of these images is taken from slightly different locations within a 
region of the sample. The ATM precursor is amorphous at 100 °C, and it converts to polycrystalline MoS2 by 400 °C. 
At higher temperatures, a slight increase in crystallite size is observed (d), followed by decomposition of MoS2 to form 
Mo metal particles at 900 °C (e). The insets in (a–e) show fast Fourier transforms (FFTs) of these images. The bright 




images upon increasing temperature. The square insets outlined in green and blue in (d) and (e) show magnified views 
of the MoS2 crystals from the marked locations at 800 and 900 °C, respectively. In both cases, the materials show 
small crystallite domain size and significant disorder. (f) Illustration summarizing the formation of MoS2 crystals from 
the pure ATM precursor; thermolysis of the precursor results in the formation of polycrystalline MoS2, with crystallite 
domains that grow in size with heating.  
 
4.3 Crystallization of MoS2 in the Presence of Ni Investigated via in situ TEM 
To understand the influence of Ni on MoS2 crystallization and growth, similar in situ 
heating experiments were carried out with Ni present (Figure 38). To fabricate these samples, a 5 
nm Ni film was evaporated onto the SiNx window, and ATM solution was then drop-cast onto it. 
Similar to the Ni-free case, the ATM precursor was amorphous at room temperature and at 100 °C 
(Figure 38a).  
 
Figure 38 In situ TEM images showing the evolution of ATM precursor in the presence of a 5 nm Ni film during 




different location from within a region of the sample. FFTs of these images are shown as insets. The ATM precursor 
is amorphous at 100 °C, and it converts to polycrystalline MoS2 at 400 °C, resulting in broad and diffuse rings in the 
FFT. Significant crystal growth/shrinkage occurs by 600 °C (c), with the (101.0) ring in the FFT indicating that much 
of the MoS2 materials have basal planes parallel to the substrate. By 800 °C (d), large horizontally oriented single 
crystals have grown. In (d), Moiré fringes characterized by the alternating bright and dark stripes arise due to multiple 
MoS2 crystals that are stacked and slightly rotated. The green rectangular inset in (d) shows a higher-magnification 
view of the few-layer MoS2 crystal formed at 800 °C, while the blue inset in (e) shows a Mo crystal formed due to the 
decomposition of MoS2 at 900 °C, similar to the pure ATM sample. (f) Illustration summarizing the formation of 
MoS2 crystals in the presence of Ni; the initial polycrystalline MoS2 converts to much larger, horizontally oriented 
crystals than in the Ni-free case.  
 
Although not easily visible here, the thin Ni film was verified to be present in this type of 
sample using energy dispersive spectroscopy (Figure 39a,d). By 200 °C, the polycrystalline Ni 
film disappeared (Figure 39b,e), but Ni was still present according to EDS (Figure 39e) . By 400 
°C, crystallization of MoS2 occurred (Figure 38b), which is similar to the case in Figure 37 without 
Ni. However, differences began to emerge upon heating to 600 °C (Figure 38c). Specifically, larger 
MoS2 crystals (∼10–40 nm in width) formed, and both vertically oriented and horizontally 
oriented crystals were visible. Upon further heating to 800 °C, much larger crystals (>80 nm wide) 
of horizontally oriented MoS2 formed in certain regions of the sample (Figure 38d). The FFT inset 
shows clusters of distinct points corresponding to {101.0} lattice fringes, indicating that the 
particle visible in this image is made up of a few horizontally oriented crystals that are stacked on 
their basal planes and rotated with respect to each other. Moiré fringes visible in the bottom portion 
of the material support this conclusion. While other large crystals such as that in Figure 38d were 
observed, we note that the crystal size at this stage varied, with some of the material in other 
regions retaining the polycrystalline form similar to that shown in Figure 38c. Upon further heating 
to 900 °C, the growth of Mo metal from the surface of these larger MoS2 crystals was observed 
(Figure 38e), similar to the case of pure MoS2 (Figure 38e). Thus, the in situ TEM measurements 




during growth from the ATM precursor. Additional ex situ experiments that probe larger areas are 
discussed in Section 4.6 to corroborate these localized findings. 
 
Figure 39 Low-magnification in situ TEM images for a sample with the ATM precursor in 5 nm Ni at a) 100 °C and 
b) 200 °C. The diffraction contrast due to polycrystalline Ni visible in (a) has disappeared at 200 °C in (b). c) The 
SAED pattern at 200 °C does not show any crystalline phases. EDS spectra obtained at d) 100 °C and e) 200 °C show 
the presence of Ni at both temperatures.  
 
4.4 Ni Assisted MoS2 Crystallization Dynamics 
 
In the sample with 5 nm Ni discussed in Figure 38, interesting dynamics were observed 
during the heating process. Figure 40 shows the evolution of the sample while holding the 
temperature at 600 °C over the course of 43 seconds. At this temperature, a transition was observed 




growth to form larger crystals. Two primary overlapping MoS2 crystals with visible (0002) lattice 
fringes were initially observed (Figure 40a). With time, one crystal (outlined in red) shrank in size 
and eventually disappeared. This occurred via a process in which the edge planes at the left side 
of the crystal receded, while another crystal (outlined in blue) appeared to grow. This suggests that 
the Mo and S atoms at the edge sites of the shrinking crystal were leaving the material; these 
species were possibly diffusing from the crystal edge sites to join the underlying MoS2 material 
that coats the substrate and/or other growing crystals. Multiple vertically oriented crystals were 
seen to shrink or grow in this manner, across the sample. This mechanism was only observed in 
samples that contained Ni, suggesting that this process was promoted by Ni species. This process 
is different than physical reorientation and coalescence of pure MoS2 crystals as reported by Fei et 
al.119 These observations thus suggest that the mobility of MoS2 edge planes via the diffusion of 
Mo and S elemental species at ∼600 °C is key for the formation of larger MoS2 crystals. Notably, 
the growth of some crystals at the expense of other crystals is similar to conventional grain-growth 
processes in polycrystalline metals, which are governed by the energetic driving force to reduce 
grain boundary area.129  
 
Figure 40 In situ TEM snapshots of the evolution of an individual MoS2 crystal in a sample that initially had a 5 nm 
Ni film. These images were recorded during a temperature hold at 600 °C, and the elapsed time is shown at the top 
of each image. The red outline marks a vertically oriented MoS2 crystal with visible (0002) lattice fringes as it shrinks, 
while the blue outline marks another MoS2 crystal growing simultaneously. All scale bars are 5 nm in length.  
 
To further analyze the differences in MoS2 crystallization and growth with and without Ni, 




experiments. Figure 41 shows the evolution of the SAED patterns for pure ATM precursor. At 100 
°C, only diffuse background intensity was observed from the amorphous ATM precursor and the 
SiNx substrate (Figure 41a). By 400 °C, the background began to sharpen (Figure 41b), 
corresponding to the beginning of MoS2 crystallization. Figure 41c, d show that the rings 
corresponding to MoS2 {101.0} and {112.0} increased in intensity as the temperature was 
increased to 600 and 800 °C. In addition, a more diffuse ring corresponding to MoS2 {101.3} was 
also observed. All these observations are consistent with the TEM images in Figure 37. 
 
Figure 41 Evolution of SAED patterns from in situ TEM experiments of the heating of ATM precursor with and without 
Ni (a–d) Diffraction data from an experiment with pure ATM precursor at (a) 100 °C, (b) 400 °C, (c) 600 °C, and (d) 
800 °C. (e–h) Diffraction data from an experiment with ATM precursor on 5 nm of Ni at (e) 100 °C, (f) 400 °C, (g) 





Figure 41e–h shows similar SAED patterns for a sample with 5 nm of Ni. At 100 °C, a 
diffuse ring corresponding to Ni (111) is evident (Figure 41e), confirming the presence of 
polycrystalline Ni. Heating to 400 °C resulted in the formation of MoS2 {101.3}, {101.0}, and 
{112.0} diffraction rings, as well as an (0002) ring that is difficult to distinguish from background 
intensity (Figure 41f). These rings were sharper and more intense than the pure MoS2 sample at 
the same temperature, which indicates that Ni induces a greater extent of crystallinity. Importantly, 
the Ni {111} diffraction ring was no longer visible at 400 °C; this feature was observed to 
disappear after heating to 200 °C (Figure 39). This indicates that the underlying Ni was no longer 
present as a crystalline film, and the Ni species likely diffused into the precursor layer and/or 
directly reacted to form Ni sulfides. Further heating to 600 °C resulted in a resolvable but faint 
MoS2 (0002) ring and increased intensity of the {101.0} and {112.0} rings due to growth of 
horizontally oriented MoS2 and formation of distinct islands of vertical MoS2 (Figure 41g). By 
800 °C, the rings appear to be more directional likely due to an increase in crystallite size (Figure 
41h). These observations are consistent with the TEM images in Figure 38. Circumferential 
integration of the SAED patterns in Figure 42 was carried out to facilitate comparison of the 
patterns at different temperatures. It is clear that peaks belonging to crystalline MoS2 appear at 
lower temperatures for the sample containing Ni (Figure 42b).The peaks are also sharper and more 





Figure 42 Circumferentially-integrated intensity as a function of scattering vector |𝑞.| from the SAED patterns 
obtained during heating of the a) pure ATM precursor in  Figure 41a-d. Temperatures are marked on the right side 
of each trace. b) Circumferentially-integrated intensity from SAED patterns obtained during heating of the ATM 
precursor on 5 nm Ni in  Figure 41e-h. Comparing the integrated plots in (a) and (b), more significant MoS2 
crystallization occurs at a lower temperature in the presence of Ni, and the crystallites are larger in size, as is evident 
by the sharper and more intense peaks.  
 
4.5 Higher Concentration of Ni Disrupts MoS2 Crystallization 
With the knowledge obtained thus far, additional TEM experiments were undertaken to 
determine the effects of higher quantities of Ni on the evolution of MoS2. Figure 43 shows in 
situ images from a TEM heating experiment that was carried out with the ATM precursor drop-
cast onto a 30 nm Ni film instead of a 5 nm Ni film. Upon heating, this sample evolved in a 
significantly different way compared to the other samples shown in Figure 37-Figure 38. Instead 
of forming a polycrystalline MoS2 film, this sample was dominated by growth of Ni crystals and 
Ni–S phases above 400 °C (Figure 43c, d). No MoS2 was detected, although at 800 °C, a small 
number of Ni islands were seen to be surrounded by a layered structure that resembled onion-like 
MoS2 (Figure 43e). However, the layer spacing differed from MoS2 (5.22 Å vs. 6.15 Å in MoS2). 
These layers are likely based on the 2H-MoS2 structure, but their highly defective nature suggests 
that Ni incorporation induces disorder in these MoS2 phases. Overall, these additional in situ TEM 




of MoS2 during the decomposition of the ATM precursor, since crystalline MoS2 was not detected 
in these experiments. Clearly, the amount of Ni included with the MoS2 precursor is critical for 
determining growth pathways. 
 
 
Figure 43 In situ TEM investigation of the evolution of the ATM precursor on a 30 nm Ni film during heating. An 
SAED pattern of the sample at 100 °C shows the presence of polycrystalline Ni. b) A TEM image at the same 
temperature. Upon heating, larger Ni islands form at c) 400 °C and d) 600 °C. FFT insets confirm that the islands 
are Ni. e) Upon heating to 800 °C, metallic Ni and Ni-S phases were observed. A MoS2-like layered phase with 
different interlayer spacing than pure MoS2 is visible in this image surrounding the darker Ni grain, but this phase 
was sparsely observed. 
 
4.6 Large Scale Changes in Ni-MoS2 Crystallization Dynamics via Ex Situ 
Characterization 
The in situ TEM results presented herein have captured the evolution of MoS2 during 
crystallization from a solid-state precursor, and they have shown that the addition of Ni plays a 




from a local area of each TEM chip, and it is therefore unclear whether the observations are 
representative of larger sample areas. To draw conclusions about the global effect of Ni, and to 
corroborate our in situ results with independent measurements, ex situ characterization 
experiments were carried out on a larger scale. Thin films of the ATM precursor were spin coated 
onto ∼200 nm SiO2/Si substrates and heated to 600 °C inside an evacuated tube furnace under 
Ar/H2 flow at a pressure of 1.8 Torr. This was followed by cooling to room temperature. Figure 
44 shows SEM images of three ex situ samples that initially contained different amounts of Ni (0, 
5, or 30 nm Ni films). The SEM images show that there are significant differences in the 
morphology of the films. Without Ni, the MoS2 film is uniform across the wafer and the grains are 
too small to resolve (Figure 44a), as has been shown for other pure polycrystalline MoS2 films.27,29 
For the sample with the 5 nm Ni film (Figure 44b), islands of MoS2 are present which appear to 
feature horizontally oriented basal planes with faceted edge planes and a distribution of grain sizes 
(∼0.5–2 μm). These islands are likely the few-layered, horizontal MoS2 crystals observed during 
the in situ TEM heating in Figure 38d. These results are similar to a prior report showing that small 
amounts of Ni can lead to larger MoS2 grain size and photoactive samples when annealing layered 
Mo–S thin films.129 Finally, for the sample with 30 nm Ni (Figure 44c), a rough film with distinct 
large particles was observed. EDS mapping showed Ni, Mo, and S species to be present across all 
three samples. Ex situ grazing-incidence X-ray diffraction (XRD) in Figure 44d showed primarily 
(0002) peaks for the samples with 5 nm Ni and without Ni, indicating a preferred horizontal 
orientation, and the narrower (0002) peak in the 5 nm sample again suggested larger grain size. 






Figure 44 Ex situ samples prepared by heating precursors at 600 °C under Ar/H2 flow. SEM images of (a) pure ATM 
precursor after heating, (b) a sample with ATM spin-coated onto 5 nm of Ni and then heated, and (c) a sample with 
ATM spin-coated onto 30 nm of Ni and then heated. (d) Grazing incidence XRD for the three samples.  
 
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) measurements were also 
performed on the same samples (Figure 45), and the presence of stoichiometric MoS2 for samples 
without Ni and with 5 nm Ni was further confirmed. XPS spectra for Mo 3d and S 2p (Figure 45a-
b) appear to be shifted to a lower binding energy for the 5 nm Ni sample compared to the pure 
MoS2 sample despite careful referencing to the C 1s peak, suggesting a possible charge transfer 
between the Ni and MoS2 material. The black arrows between the S 2p peaks show that the sulfur 




oxidation state for the 30 nm Ni sample (Figure 45b). The Ni 2p spectra show a mixture of 
oxidation states, with Ni0 and Ni2+ species present in both the 5 nm and 30 nm Ni/ATM samples. 
As expected, no Ni signal is detected from the pure MoS2 (Figure 45c). Raman spectra for the 
three samples. The A1g Raman mode shifts to a higher wavenumber (by 3 cm-1) for the 5 nm Ni 
sample compared to the pure MoS2 sample (Figure 45d). This corresponds to a stiffening of the 
Mo-S bond and could be due to the electronic doping of MoS2 through interactions with Ni. The 
peaks also appear to be sharper (smaller FWHM) for the 5 nm Ni sample, which could arise from 
increased crystallite size or a greater number of MoS2 layers. The lack of Raman modes arising 
from MoS2 in the 30 nm Ni indicates that this phase does not form, agreeing with the in situ TEM 
data shown in Figure 43. All spectra are presented in terms of normalized intensity to aid 






Figure 45 High resolution XPS spectra and Raman spectra from the ex situ samples fabricated from pure ATM, 5 nm 
Ni/ATM, and 30 nm Ni/ATM after heating to 900 °C and cooling. a) Mo 3d XPS spectra for all three types of samples. 
These spectra show that MoS2 is the dominant Mo-containing phase for the pure ATM and 5 nm Ni/ATM samples, 
while the 30 nm Ni/ATM sample shows a mixture of Mo4+ and Mo6+. b) S 2p XPS spectra for all three samples.  
 
Finally, ex situ TEM experiments were also carried out in which the precursor was spin-
coated onto SiNx TEM grids with 5 nm Ni and heated ex situ under Ar/H2 gas flow in a tube 
furnace. As shown in Figure 46, the presence of Ni resulted in formation of a uniform thin film of 
MoS2, while the crystals grown directly on the SiNx TEM grid were thicker islands. These 
similarities to the in situ TEM experiments indicate that although the different vacuum conditions 
could play a role in growth (high vacuum of TEM vs. 1.8 Torr in the tube furnace), these 





Figure 46 Ex situ TEM image of a MoS2 film formed after heating the ATM precursor on a) SiNx TEM grid with no 
Ni, b) 5 nm Ni film on the SiNx TEM grid. Both samples were heated to 800 °C in Ar/H2 atmosphere at 1.8 Torr in two 
separated runs. In b, the subtly varying diffraction contrast throughout indicates a thin film which has very fine 
wrinkles on the surface. A variety of other particles also present (MoS2 and nickel sulfides).  
 
Together, these TEM data show that the addition of a thin film of Ni alters the growth and 
evolution of MoS2 during heating. However, the TEM results do not allow detection of where the 
Ni species reside. To investigate the atomic-scale structure of the materials synthesized in our 
experiments, scanning TEM (STEM) imaging was carried out with an aberration-corrected 
instrument operating at an accelerating voltage of 80 kV. Samples for these experiments were 
prepared ex situ and transferred to TEM grids (see section 2.5 for details). Figure 47 shows an 
atomic-resolution annular-darkfield (ADF) STEM image from a region of this sample, which was 
grown on 5 nm of Ni. This image shows single- and few-layered regions of the MoS2 material. X-
ray energy-dispersive spectroscopy (EDS) showed that Ni was distributed across the MoS2, with 
greater quantities of Ni detected in clusters of material on the MoS2  surface. However, the 
instrumentation and conditions used were not sufficient to resolve the presence of individual Ni 




substituted at edge sites, as previously observed with STM experiments,27,88,89, and may even be 
intercalated between MoS2 layers in small quantities.  
 
Figure 47 ADF-STEM image of a MoS2 crystal prepared ex situ by heating the precursor cast on 5 nm Ni to 900 °C. 
The MoS2 crystal shows regions of different thickness, as shown by brightness. This image was produced by processing 
the raw image with a Gaussian blur filter. b) A processed image showing a magnified view of single-layered MoS2, 
corresponding to the region outlined in green in (a). This image was obtained by applying a low-pass FFT filter to 
the image in (a). c-f) STEM-EDS elemental mapping of a different region of the same sample. c) Image of the region 
of the sample for which EDS mapping was carried out; the dark regions are holes in the sample. Elemental maps of 
d) Mo, e) S, and f) Ni. While Mo and S are present across the mapped region, Ni is present in lower quantities, but 
with elevated quantities at the bright clusters in the image in (c).  
 
4.7 TGA and DSC Analysis of the Gaseous Byproducts of the Reaction 
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 
carried out to further investigate the effect of Ni on the crystallization and growth process during 
decomposition of the ATM precursor. In these experiments, different amounts of Ni nanopowder 
were added to the ATM precursor and heated at a constant rate of 20 °C/min to 900 °C under 




pure ATM, 13 wt % Ni/ATM, and 50 wt % Ni/ATM. Positive heat flow corresponds to an 
exothermic reaction in this plot. For all three samples, an endothermic peak at ∼230 °C is present 
due to the thermolysis of the ATM precursor to yield amorphous MoS3 along with the release of 
H2S and NH3 (eq. 3). This reaction results in weight loss for all three samples in Figure 48b at a 
similar temperature. At ∼370 °C, an exothermic peak corresponding to the crystallization of 
MoS2 from MoS3 (eq. 4) can be observed in all three samples (Figure 48a). Parts c–e of Figure 
48 show magnified views of these crystallization peaks, along with curves showing the derivative 
of heat flow with respect to temperature. These derivative curves highlight differences in the peak 
shape. The peak for pure ATM (Figure 48c) shows the presence of multiple inflection points, and 
the addition of increasing amounts of Ni reduces the number of distinct inflection points (Figure 
48d,e). This suggests that Ni subtly alters the crystallization behavior of MoS2 at these 
temperatures. Also, weight loss (corresponding to release of sulfur gas, eq. 2) occurs at this 
temperature for the pure ATM, but this weight loss decreases for the 13 wt % Ni/ATM sample and 
is negligible for the 50 wt % Ni/ATM sample (Figure 48b). This indicates that Ni reacts with 
excess sulfur released from MoS3, thereby preventing weight loss. The endothermic peaks at 
higher temperatures for the Ni-containing samples likely correspond to phase transformations 





Figure 48 TGA/DSC analysis of pure ATM precursor and ATM mixed with different quantities of Ni powder (13 and 
50 wt % Ni). (a) DSC heat flow across the three samples. Positive heat flow is exothermic. (b) TGA analysis shows 
percent weight change for the three samples as a function of temperature. (c–e) Magnified views of the exothermic 
peaks from (a), along with the derivative of the heat flow, for (c) pure ATM precursor, (d) 13 wt % Ni/ATM mixture, 
and (e) 50 wt % Ni/ATM mixture.  
 
4.8 Postulated Mechanism of Ni-Assisted MoS2 Crystallization 
The comprehensive in situ and ex situ results presented herein provide abundant evidence 
that Ni acts to affect the evolution of crystal size and morphology during growth of MoS2. In 
particular, the addition of small amounts of Ni to the solid-state ATM precursor results in the 
formation of larger MoS2 crystals with a preferred horizontal orientation. Here, we postulate a 
mechanism based on our results and prior literature. During heating, Ni was observed to diffuse 
into the amorphous ATM precursor at about 200 °C, as indicated by the disappearance of the Ni 




precursor during heating could become sulfided to form nanoscale Ni–sulfide clusters present at 
the surface of crystals or at grain boundaries between MoS2 crystals. Although such clusters were 
not detectable in the in situ TEM experiments, the TGA/DSC provided evidence for the reaction 
of Ni with excess sulfur, and the STEM results suggested Ni was present in clusters. In addition to 
forming sulfide clusters, Ni atoms are known to be incorporated into MoS2 crystals by substituting 
at edge sites,88,94,100,130indicating that Ni atoms would tend to substitute at edge sites throughout 
the polycrystalline mixture. Previous work by Lauritsen et al94 and others88,89,100,130–132 has 
investigated the structure of Ni-substituted MoS2 materials in detail because of their importance 
for HDS catalysis. Scanning tunneling microscopy (STM) and DFT calculations have shown that 
Ni substitutes for Mo atoms at S-terminated edge sites, altering their structure and resulting in Ni–
MoS2 crystals with truncated triangular and dodecagonal morphologies on Au 
substrates.100 Krebs et al. showed that certain Ni-substituted edge planes have surface energies that 
are significantly lower than the unsubstituted, pure Mo-terminated edge site.132 The edge structure 
and Ni concentration are also expected to vary with temperature and chemical conditions (e.g., the 
chemical potential of sulfur in the system).100,132 Several papers91,111,114,133–137 have also suggested 
the possibility of liquid NiSx phase forming which allows for the overlayer of MoS2, WS2, or WSe2 
crystallites to be more mobile, resulting in larger domain sizes. This is referred to as van der Waals 
Rheotaxy (vdWR) and is based on the observation that when sulfur reacts with Ni, a Ni–S eutectic 
forms with 33 at% of S which has a relatively low melting point (635 °C) and hence must be a 
liquid phase above this temperature at 1 atm pressure.138 Regula et al. also performed an in situ 
TEM study, starting with sputtered, amorphous Ni-WSx and observed the formation of > 1 µm 
WS2 crystallites in the presence of Ni.91 They proposed that NiSx phase forms on reaction with S, 




which are liquid above 600 °C, then allow for the dissolution of the WS2 crystals and grow laterally 
from the saturated solution. 
However, we observe Ni-assisted MoS2 crystallization at temperatures of 400 °C, which is 
below the eutectic melting point for the bulk NiSx phase. By 200 °C, Ni is homogenously 
distributed throughout the MoS2 film (Figure 39). It can be assumed that Ni is located at the edges 
of the MoS2 crystallites, as has been shown previously.88,94,100,130 Here we postulate the 
modification of MoS2 edge planes by Ni atoms not only changes their surface energy but also can 
alter their mobility during the crystallization and growth process of polycrystalline MoS2. This has 
been seen in Al-Si systems where aluminum atoms assist crystallization of amorphous silicon.139 
This has been calculated to be due to diffusion of aluminum via interstitial  resulting in broken 
covalent bonds and hence higher atomic mobilities, which favor the crystallite growth.140 As in 
any system with interfaces or grain boundaries that naturally have higher energy than the bulk 
crystal, there is a thermodynamic driving force for the growth of the MoS2 crystallites to reduce 
interface volume in the polycrystalline films. Ni-substituted MoS2 edge plane structures could 
enable easier movement of the edge planes during MoS2 crystal growth due to increased disorder, 
greater free volume, or different bonding characteristics at these interfaces. This would allow for 
Mo and S atoms to be transported across these interfaces more readily to be added to a growing 
crystal or removed from a shrinking one, and the moving interfaces themselves could then be 
transported to and annihilated at free surfaces. In our experiments without Ni, the MoS2 crystals 
grew only a small amount during heating. In the samples with small amounts of Ni, the crystals 
grew to be much larger, and we directly observed the movement of edge planes during the 
simultaneous shrinkage and growth of individual MoS2 crystals (Figure 40), which was not 




planes plays a key role in the growth process. It is expected that the edge structure and chemistry 
change as Ni and S are dynamically incorporated and removed during crystal growth/shrinkage, 
and this could further impact the edge plane mobility. These processes could also be influenced by 
the presence of Ni–sulfide clusters at interfaces. In short, while it is the balance of edge-plane 
energies that determine the final shape of the MoS2 crystals, the ability and rate of the various 
crystal surfaces to accommodate growth or shrinkage appear to play a key role here in the evolution 
of this TMDC material. 
4.9 Investigation of Irradiation Effects from the Electron Beam 
Beam irradiation can cause radiolysis, heating and/or knock-on damage in TMDCs.141–143 
As mentioned in the main text, we performed additional control experiments to assess the influence 
of the beam on the crystallization and growth processes of the ATM precursor. First, the effects of 
electron beam exposure on the amorphous ATM precursor with 5 nm Ni were studied at room 
temperature (Figure 49a-h). Two distinct positions were identified on the sample. For Position 1, 
the electron beam was kept OFF until an image was to be captured, which was at a regular interval 
of 5 min at 20 °C (Figure 49a-d). Position 2 was continuously illuminated by the beam (dose rate 
of 478 mA/cm2) for 15 min, with images being recorded at an interval of 5 min (Figure 49e-h). 
Both cases are visually identical, and the continuous beam exposure did not cause crystallization 
of the amorphous precursor to occur. The TEM chip was then heated to 200 °C at a rate of (2 °C/s), 
and the sample was illuminated continuously for another 15 min at 200 °C. This temperature was 
intentionally chosen to be below the MoS2 crystallization temperature of ~400 °C to determine if 
local illumination resulted in crystallization at a lower temperature.119,123,124 No MoS2 






Figure 49 Control experiments with ATM precursor deposited on a 5 nm Ni film exposed to an electron beam. (a-d) 
Images recorded every 5 min at 20 °C at position 1, where the beam was blanked between image recording. (e-h) 
Images recorded at position 2 at 20 °C during which the beam continuously illuminated the sample. (i-l) Images 
recorded at 200 °C during continuous beam exposure. There is no noticeable influence of the beam on crystallization 
under these conditions.  
 
The possible influence of the beam on the growth processes of the MoS2 crystals was also 
assessed. The precursor was heated to 400 °C to allow for initial crystallization and formation of 
vertically aligned MoS2 crystals, followed by cooling down to room temperature. Cooling to room 
temperature was necessary to isolate the influence of electron beam effects from temperature 
effects; prior work has used such control experiments at room temperature as a stability criterion 
as well.119 The sample was then continuously illuminated for 15 min, and Figure 50 shows that the 
electron beam induced no significant changes in the crystallinity during this period. Similar results 




difficult to decouple temperature-induced effects from possible beam effects at higher 
temperatures due to the significant influence of temperature on growth processes, these results 
strongly suggest that temperature plays the dominant role in the crystallization and growth of this 
material and that any possible beam effects do not change our conclusions. 
 
 
Figure 50 Continuous beam exposure of MoS2 crystals formed from ATM precursor on 5 nm Ni under different 
conditions. (a-d) Images under continuous beam exposure after heating to 400 °C and cooling to 20 °C. (e-h) Images 
under continuous beam exposure after heating to 800 °C and cooling to 20 °C. Data are not presented at higher 
temperatures because of significant thermal drift and the difficulty in deconvolution of possible beam effects.  
 
4.10 Solution Doping with Other Transition Metals and their Influence on the 
Crystallization Dynamics 
All the experiments discussed so far have utilized a thin film of Ni as a substrate on which 
MoS2 thin films are grown. However, for precise control of Ni concentration and optimization of 
the morphology of the resulting MoS2 film, solution doping of the MoS2 precursor using Ni salts 
is the preferred method. One-pot hydrothermal synthesis of Ni-doped MoS2 is commonly used to 
fabricate the activated Ni-MoS2 catalyst complexes.144–146 Ni solution doping also allows for use 




measure taken to prevent the formation of large NiSx islands. This is important to control the 
surface roughness and grain boundaries across the MoS2 thin film, especially for its few-layer 
optoelectronic applications.  
Figure 51 shows GIXRD curves for four samples – pure MoS2, 1:2 Ni: MoS2, 1:1 Ni:MoS2 
and 2:1 Ni:MoS2 (5 wt.% solution). All samples were prepared identically otherwise following the 
spin coating method utilized for preparation of ex situ samples discussed in section X. With 
increasing concentration of Ni, the FWHM of the (0002) peak or the crystallite size of the 
horizontally aligned MoS2 crystals increases. From these data, it is clear that when dissolved in 
solution, the Ni  similarly alters the MoS2 crystallization pathways as the Ni thin films. These 
samples likely showed larger MoS2 crystallites due to the presence of NiSx clusters around the 
grain boundaries, as suggested by Brunken et al.114  
 
Figure 51 Solution doped Ni-MoS2 a) GIXRD curves showing the (0002) MoS2 peak for pristine and solution doped 
MoS2 with different concentrations of Ni – 1:1 Ni: MoS2, 1:2 Ni:MoS2 and 2:1 Ni:MoS2. Increasing concentration of 
Ni results in progressively lower FWHM of the crystalline MoS2 peak which confirms that the addition of Ni results 





A series of other transitions metals were also studied via their introduction into the MoS2 
precursor solution. Figure 52a shows the GIXRD curves for pristine MoS2 films and those doped 
with Fe, Co, Ni, or Cu in solution. The FWHM of the (0002) MoS2 peak is significantly narrower 
than that of the pristine MoS2 for the Ni-doped MoS2, while it is broader for the Co-doped MoS2, 
implying worse crystalline properties for that sample. The SEM images (Figure 52b-e) show that 
the morphology of these films is different. The Fe doped MoS2 shows several ~ 1-5 µm FeSx 
islands, while the others show a more uniform morphology. These results show that the nature of 
the transition metal used could alter the crystallization pathways to different extents, with Ni 
showing clear benefits in promoting MoS2 crystallization. 
 
Figure 52 Solution doping MoS2 with different transition metals GIXRD curves for pristine and solution doped MoS2 
with Ni, Co, Fe, and Cu. SEM images for b) Fe c) Cu d) Co e) Ni-doped MoS2. he morphology varies distinctly between 





This study elucidated the dynamic evolution of MoS2 crystals during crystallization and 
growth from a solid-state precursor, and it showed how additions of small amounts of another 
transition metal influence this process. The combination of in situ and ex situ measurements 
provided strong evidence that Ni alters MoS2 crystal growth. These results will help to fill a 
knowledge gap that exists regarding the engineering of TMDC materials: prior work has provided 
an understanding of the atomic-scale structure of active TMDCs for catalysis and optoelectronic 
applications, but the best pathways to synthesize and engineer these materials are not always clear. 
In particular, understanding the effects of Ni on MoS2 crystallization and growth at the nanoscale, 
as presented herein, could enable the design of synthetic pathways for MoS2-based systems, as 
well as other few-layer TMDCs. These findings provide a basis for future engineering of 
MoS2 grain size and morphology via the addition of Ni and other transition metals, which could 
be important for a range of applications, including HER catalysis and next-generation electronic 
and optical devices. Future work could explore detailed atomic-scale information regarding the 
presence of Ni atoms within the MoS2 lattice, along with the correlation of observed dynamics to 
energetic barriers through simulations. This will enable a fundamental understanding of the 







As shown in Chapter 4, interfacing MoS2 with other metals can significantly alter the 
nucleation and growth pathways of MoS2 thin films. Several studies have demonstrated the use of 
different metals as seeds for the growth of TMDC large-area single crystals through CVD.147–160 
Unlike catalysis where TMDC nanoparticles with activated edge sites are preferred, optoelectronic 
devices with TMDC crystals are negatively affected by the presence of grain boundaries which 
serve as scattering sites for electrons. Hence, even with the increased particle size, the few-layered 
spun-coat Ni-MoS2 thin-film synthesized through thermolysis of the (NH4)2MoS4 precursor 
solution did not demonstrate improved electronic properties.  
For optimized device performance, the synthesis of wafer-scale of single-crystalline TMDCs 
at controlled locations is important. This has been previously demonstrated through the use of 
metallic seed crystals. For instance, 10-50 µm wide WS2 crystals have been nucleated using 
precisely positioned array of circular Au seeds, 20 nm thick and 4 µm in diameter, as shown in  
Figure 53a.154 The Au particles/films are postulated to allow the onset of nucleation of WS2 crystals 
(Figure 53b) due to a lowered nucleation barrier across the Au-SiO2 interface. The free energy 
needed for the heterogeneous nucleation can be expressed through equation (5): 
																																																										𝜟𝑮𝑯𝒆𝒕𝒆𝒓𝒐	 = 	𝜟𝑮𝑯𝒐𝒎𝒐 	∗ 	𝒇(𝜽)	                                                (5) 
where f(θ) = 1/2 – 3/4 cos θ + 1/4 cos3θ, ΔGHomo is the free energy needed for the homogeneous 
nucleation and θ is the contact angle between the nucleation site and the material being grown.161 
Heterogeneous nucleation across a seeding atom could allow for conditions where 0 < 	𝑓(𝜃) ≤ 1, 
implying that the incoming atoms from the precursor preferentially nucleate from the seed’s edge. 




seeding promoters like Perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS), 
Copper(II) hexadecafluoro phthalocyanine (F16CuPc), etc., but with less spatial control.162 Without 
the presence of a seed, nucleation is random, and as a result, the crystal size is smaller (Figure 
53c). On the other hand, the spatial control of these Au-seeded single WS2 is crystals higher with 
the introduction of the Au seeds. A combination of multilayer and single-layer WS2 can be seen 
due to relative ease of formation of multilayers around the Au seed (Figure 53d-f). 
 
Figure 53 Growth of Au seeded WS2 atomic layers. Typical optical micrographs of (a) lithography patterned Au 
islands, and (b) WS2 domains grown from Au seeds. Typical low magnification SEM micrographs of WS2 domains 
from (c) randomly grown, and (d) arrayed regions. Reproduced by permission of The Royal Society of Chemistry from 
reference154. 
 
Several other studies have shown this seeding behavior with different metal atoms. While 
metals like Cr/Ti, Au, Ni, and Cr allow for seeded growth of different TMDC layers, other metals 
like pure Pd do not.148 This implies that the nature of the metal-TMDC interface and the relative 
cohesive (TMDC to TMDC) vs. adhesive (metal to TMDC) energies play an important role in 
assisting this seeding process. Li et al. highlight this importance with cross-section TEM images 
of the Au seed and MoS2 interface (Figure 54).152 They postulate the onset of nucleation from the 




form an encapsulated MoS2 shell. DFT calculations reveal that the deposition of MoS2 on Au-
decorated SiO2 is a thermodynamically favorable process, as has been widely proven in recent 
studies on 2D material synthesis.  
 
 
Figure 54 TEM visualization of the seeding role of Au nanoparticles (a, b) Cross-section TEM images of the MoS2-
encapsulated Au seed. (b) Dotted region in (a). (c) High-resolution TEM images showing the bifurcation of a 
MoS2 shell and planar sheet. (d–f) Atomic structures corresponding to dotted regions 1–3 in (c), respectively. The fast 
Fourier transform (FFT) pattern inset in (d) indicates the (111) plane of Au, and the pink dotted circles in (e) and (f) 
indicate the observation of lattice distortion. Scale bar: 0.25 nm. (g–j) STEM image (g) of the encapsulated Au seed 
and the corresponding EDS maps (h–j). Scale bar: 10 nm. Adapted with permission from reference152 Copyright 2018 
American Chemical Society. 
 
This research seeks to further combine the knowledge of seeding TMDC growth with 
metals and altering crystallization pathways during growth as shown in the Ni-assisted MoS2 
growth demonstrated in Chapter 4. In this study, a combination of knowledge from these 
experiments and previous studies is used to selectively grow MoS2 on Ni channels, while inhibiting 
growth on Au contacts. Unlike Au seeding in previously discussed papers, this study shows that 




that this is in contrast to the DFT calculations of surface energy discussed earlier.152 This unique 
selectivity across a repeatable array of Ni-Au patterns allows for the possibility of single-step 
synthesis of wafer-scale patterning of MoS2 in a back-gated transistor configuration with MoS2 
selectively deposited over the Ni channels, and with Au contacts to the channel fabricated with 
virtually no photoresist residue across the interface, as there are no photolithographic steps in 
between. We show below that this behavior is highly dependent on the concentration of the 
precursor in the gas phase, and at higher concentrations, the selectivity is not as pronounced 
because the vapor phase reactants saturate the surface sites.  
 
5.2 CVD Growth of Single-Crystalline MoS2 on Evaporated Ni and Au 
First, to investigate the influence of Ni and Au on the morphology of the CVD grown MoS2 
single crystals, control samples with 1 nm Ni and 20 nm Au thin films on SiO2/Si substrates were 
fabricated and compared to that on bare SiO2/Si substrates (thermally grown oxide, 300 nm thick). 
The experimental methods section discusses this procedure in greater detail (Section 2.2.2). Figure 
55a shows the resulting MoS2 crystals with a domain size of ~1-5 µm and single to few-layered 
thickness. The process resulted in random and very high nucleation density of crystals across the 
substrate. Hence, the domain size is limited in this process. The yellow rectangle highlights the 
region from where the Raman spectrum (SiO2 without Ni) is captured (Figure 55c).  On the other 
hand, Figure 55b makes it undoubtedly clear that Ni has a significant impact on reducing 
nucleation density and increasing the domain size of these crystals. The crystals have an altered 
morphology with thicker, more randomly oriented edges. This could be due to the presence of 
liquid NiSx or Ni decorated edges with enhanced mobility, as discussed previously in Chapter 4. 




crystal sizes consistent with the in situ TEM observations with Ni-doped (NH4)2MoS4 thin films 
(Figure 40). Strong Raman peaks seen in Figure 55c confirm the presence of crystalline MoS2 and 
the PL spectrum shows the presence of few-layer MoS2 (Figure 55d). The black dots seen across 
the rest of the SiO2/Si wafer (Figure 55b) are likely NiSx regions. This can be expected because 
the sulfur vapor pressure is maintained to be significantly greater than that of MoO3 and the 1 nm 
Ni thin film across the surface is exposed to this sulfur vapor during the CVD process. The Raman 
spectrum captured over the black dots (orange rectangle region, orange curve in Figure 55c) 
suggests that these are not crystalline MoS2  particles. Care was taken to reduce the sulfur vapor 
pressure (lesser sulfur powder used) in the furnace for the subsequent runs discussed hereafter. 
 
Figure 55 CVD grown MoS2 on a) 300 nm SiO2 on Si substrate and b) 1nm Ni evaporated onto SiO2/Si substrates. 




crystalline MoS2 domains with an altered morphology are obvious on the substrates with 1 nm Ni present. The black 
dots throughout the surface likely correspond to the NiSx phase that forms during the sulfidation. Scale bar is 20 µm 
in length. 
 
When a similar CVD growth process is employed with a 20 nm Au thin film deposited 
onto SiO2/Si substrates, the resulting growth is significantly different. No MoS2 crystals are seen 
on the 20 nm Au layer (Figure 56a) while several small triangles of MoS2 can be seen on the 
SiO2/Si substrate. It is interesting to note that the Au – SiO2 interface features a continuous MoS2 
layer. It is possible that the Au layer seeds grow by reducing the nucleation barrier for the MoS2 
crystals, but Mo and S atoms prefer to diffuse and laterally grow over the SiO2/Si substrate. This 
could be due to slower diffusion of S atoms into the Au film compared to lateral surface diffusion, 
or due to lowered surface energy after the dangling bonds on the Au layer are saturated with S 
atoms.  
 
Figure 56 CVD grown MoS2 on 20 nm Au deposited onto a SiO2/Si substrate. The image shows the interface of Au/SiO2 
with the Au film on the left and the substrate on the right. MoS2 triangles are evident on the substrate but no MoS2 
grows on the Au. The interface has a continuous layer of MoS2 suggesting that Au allows for a lower barrier to 





From the results so far, it is clear that MoS2 prefers to grow on SiO2 compared to Au and 
that Ni alters the crystallization mechanism of MoS2 during growth. However, it is important to 
investigate the effects of both Au and Ni together on the same sample when exposed to similar 
concentrations of S and MoO3 to understand the nature of selectivity during growth. For this 
purpose, another array of circular 20 nm Au and 2 nm Ni patterns was deposited onto SiO2/Si 
substrates using optical lithography. Figure 57 shows the magnified view of two such circles 
separated by the SiO2/Si. This configuration allows us to investigate the influence of the Ni, Au, 
SiO2, and Ni-SiO2, Au-SiO2 interfaces on MoS2 growth, all at once. In this case, under careful 
control of the MoO3 and S vapor pressures, selective growth of crystalline MoS2 can be caused to 
occur only onto the patterned Ni regions. Several small domains can be seen over the Ni thin film 
possibly because of multiple layers of MoS2 nucleating and growing over the Ni film. The Raman 
spectra obtained across the different rectangular regions (highlighted in Figure 57a) are shown in 
Figure 57b. MoS2 peaks can be seen only for the Ni circle but not for the Au circle or the SiO2/Si 
substrate.  
 
Figure 57 CVD grown MoS2 on a patterned circular array of 2 nm Ni and 20 nm Au deposited onto a SiO2/Si 
substratea) Magnified image of two such circles featuring 2 nm Ni (green) and 20 nm Au (pink) circles separated by 
the substrate. b) Raman spectra obtained across the different regions highlighted by the rectangles in a) – Ni circle 





It is important to note that only in a specific range of MoO3 and S vapor phase concentration 
could this selectivity be observed, which manifested as differing growth behavior at different 
regions of the substrate. When lower concentrations of the precursors (Zone I) were utilized, there 
was only enough MoS2 to nucleate and saturate all surface sites on the Ni film. At higher precursor 
concentrations (Zone III), it was favorable for the incoming MoS2 atoms to saturate all surface 
sites available than to form thicker islands on the Ni film. Hence, crystalline MoS2 was observed 
on the Au, Ni as well as SiO2/Si substrate in this region. Finally, in the intermediate concentration 
region (Zone II), MoS2 preferred to nucleate and grow on the Ni regions, followed by Au regions. 
This concentration dependence of selectivity is shown in Figure 58, and the subsequent discussion 
is focused on observations from the low concentration region, or the region with high growth 
selectivity. The substrate in Figure 58 represents patterned Ni channels and Au contacts for a back-
gated transistors architecture, as discussed in the next section. 
 
Figure 58 Illustration showing variation in precursor concentration of the patterned substrate during CVD. MoO3 
powder is spread onto a 300 nm SiO2/Si wafer (source substrate) and the patterned substrate is placed next to it. The 




and Cs are higher, while they are lower away from it. b) Plan view of the patterned Au (yellow) and Ni (green) thin 
films with varying channel lengths normal to the direction of Ar flow. The drawings are not to scale and have been 
enlarged to illustrate details. 
 
5.3 Bottom-up Fabrication of MoS2 Film on Patterned Ni-Au Layers 
The control samples show that selective growth of crystalline MoS2 over the Ni region is 
possible in Zone III, when Ni and Au regions are not overlapping. The next logical goal was to 
determine if this selectivity was still valid when the Ni and Au thin film were deposited on the 
same sample in the configuration of a back-gated transistor. In this study, photolithographically 
patterned 100 ́  100 µm2 Au contacts were fabricated over Ni channels with varying widths (5 µm, 
10 µm, and 20 µm). An interface of 10 µm between the channel and contacts was intentionally 
added to allow for greater chemical bonding and hence lower interfacial resistance to electron 
injection, as discussed in Section 3.  
Figure 59a shows an optical image of one such pre-patterned SiO2/Si substrate after MoS2 
was grown on it using CVD. This sample had 2 nm Au contacts and 2 nm Ni regions over the 
channel. This deposited structure is in the Zone I region of the growth configuration, with a 
medium vapor phase concentration of Mo and S precursors. Yet, it is clear from the Raman spectra 
(Figure 59b) that MoS2 only grows on the Ni region. Similarly, in Zone III, crystalline and 
relatively weak MoS2 peaks are obtained only over the Ni channel (Figure 59c-d). It is important 
to note that only 2 nm Au was deposited onto the contacts in this case, unlike the 20 nm Au film 
in Figure 56-57. This was done to limit the formation of Au-Ni-S complexes, as discussed later in 





Figure 59 Selective growth of MoS2 on a pre-patterned Ni channel and Au contacts a) CVD grown MoS2 in the Zone 
I region over a Ni channel contacted by Au pads. The highlighted rectangles show the regions from which b) Raman 
spectra were acquired. Crystalline MoS2 is present only over the Ni channel. c) CVD grown MoS2 in Zone III on the 
same substrate, and d) Raman spectra obtained from the different regions in c.  
 
To understand the variation in concentration of the MoS2 precursors across the different 
zones, Raman spectra were obtained from a fixed row along the array of Ni-Au pattern but with 
concentrations in Zone I, II, and III range respectively. The results are shown in Figure 60. In Zone 
I, a thick MoS2 film can be seen with a strong yellow contrast across the channel (Figure 60a). In 
Zone II, the contrast is weaker implying lesser intensity of MoS2, as is expected due to decreased 
precursor concentration in this region (Figure 60b). Finally, in Zone III, a thinner MoS2 film can 
be seen over the channel with a weak contrast (Figure 60c). For each case, the Raman spectra 
confirm the presence of crystalline MoS2, even in the ultra-thin Zone III region (Figure 60d). The 
intensity of the MoS2 peak progressively decreases across the regions, as expected. It is important 
to comment on the black dots observed only in the region where the Au is interfaced with the Ni 
film. They could be due to the formation of Au-Ni-S complexes, but further XPS mapping over 





Figure 60 CVD grown MoS2 across different zones and precursor concentrations. a) Zone I b) Zone II and c) Zone III 
regions over the pre-patterned substrate with 2 nm Ni and 2 nm Au pads. d) Raman spectra obtained from the 
highlighted rectangles in each of the Ni regions. 
 
To highlight this selectivity of MoS2 growth, a high-resolution Raman map was captured 
across the patterned films using the sample from Zone III. The map is placed over the optical image 
from this patterned sample in Figure 61. Crystalline MoS2 is present only over the Ni channel, not 
over the Au or the SiO2 regions. The higher intensity in some regions could be due to multiple 
layers of MoS2 nucleating over these regions. PL spectra obtained from this region showed no 
significant peaks, but it is not clear whether that is due to Ni species quenching the PL response or 






Figure 61 Raman intensity mapping of a region across the Au-Ni-SiO2 interface with MoS2 grown on patterned films 
in the Zone III region. Only the Ni region has predominantly crystalline MoS2 implying successful selective growth of 
MoS2 over the Ni channel.  
 
Finally, it is important to highlight the significance of choosing the optimal Au-Ni interface 
width (the region where the Au and Ni films overlap) and Au layer thickness. When thicker Au 
(20 nm) contacts were interfaced with 2 nm Ni but over a wider length (10 µm), the selectivity 
was lost and MoS2 appeared to nucleate only over the Au contacts (Figure 62). A distinctly 
transformed zone (black rectangle) forms in the region next to the Au-Ni interface region, possibly 
due to phase transformations at the Au-Ni interface. The Raman spectrum (Figure 62b) from this 
region shows an intense Raman peak indicating a stronger affinity of the incoming MoS2 species 
for this transformed region. Further chemical analysis is required to understand the chemical 
nature, and the role that the underlying phase plays in controlling the nucleation of MoS2 
crystallites. The red rectangle in Figure 62a highlights the region where Ni and Au contacts 




MoS2 peak compared to the transformed zone. Finally, no crystalline MoS2 is observed over the 
Ni channel indicating that the selectivity of the Ni channel is completely lost on changing the 
interface width (blue rectangle, Figure 62a-b).  It could be possible that the incoming Mo and S 
atoms prefer to nucleate over the Au-Ni interface and transformed regions due to significantly 
altered surface energies. Additionally, this pattern is obtained from the Zone III region where the 
Mo-S precursor concentration may not be high enough to saturate the surface of the Ni thin film 
after it has nucleated on the Au-Ni-transformed regions. Figure 62c shows that these characteristics 
of the transformed Au-Ni regions are obtained over larger areas in Zone III as well. 
 
Figure 62 Effect of increasing Au-Ni overlap width in altering MoS2 growth. a) Optical images from a pre-patterned 
region in Zone III. The rectangles highlight the chemically different regions – Ni channel, Ni-Au interface region, and 
Au transformed region. b) Raman spectra obtained from these regions show that crystalline MoS2 is present only over 
the Ni-Au and the transformed regions but not over the Ni channel. c) Low magnification image of Ni-Au patterns 





 Based on the equilibrium Au-Ni phase diagram (Figure 63), it is possible that in the Au-
Ni interface region, a phase transformation could be resulting in the formation of different Au-Ni 
phases. The highest temperature during the CVD process was 700 ºC. For the patterned substrates 
shown in Figure 62, 2 nm Au and 2 nm Ni were used. Ideally, the concentration of Au and Ni 
atoms in the interface region should correspond to ~ 50 at. % region in the phase diagram. The 
transformation at this temperature could correspond to a phase segregation (orange circles in 
Figure 63) resulting in Ni-rich and Au-rich phases over the interface region at 700 ºC which then 
further transform to form Au-Ni-S complexes on reaction with S. This hypothesis assumes that a 
reaction between the Au-Ni-S does not take place earlier because the S vapor is controlled to 
release when the furnace is at 700 ºC. However, near the edges of this region, the concentration of 
Au is significantly higher, relative to Ni. This region corresponds to the shaded area on the right 
side of this phase diagram. On cooling to room temperature, this region likely forms pure Au and 
pure Ni phases. The transformed zone (in Figure 62) features large Au particles that likely grew in 
size due to diffusion and coalescence of Au atoms from the region surrounding it. Hence it is 
referred to as the depleted zone. Again, further analysis using XPS would be needed to understand 
the chemical nature of the transformations involved, but it is clear that the chemical nature of the 
surface and the selectivity for MoS2 growth are significantly affected by the presence of different 






Figure 63 Binary phase diagram for Au-Ni. Adapted from reference 128. 
5.4 Understanding the Au-Ni-MoS2 Interface via AFM 
To further understand the morphology of MoS2 crystals across the Ni channel, an AFM 
map of the Ni-SiO2 interface was obtained across the three regions. Figure 64 shows the presence 
of several small crystallites, possibly of MoS2. The RMS surface roughness over the Ni channel is 
8.5 nm (Zone I), 6.2 nm (Zone II), and 11.1 nm (Zone III). The step heights were obtained as a 
line scan across the Ni-SiO2 interface and are shown as insets in the figures – 38.3 nm (Zone I), 
23.3 nm (Zone II), and 19.4 nm (Zone III). Some MoS2 crystallites (< 100 nm) can be observed 
over the SiO2 region in Zone I and Zone II, but significantly smaller specks are observed in Zone 
III, confirming the greater selectivity of growth in this region. It also highlights the increasing 
layer thickness of MoS2 over the Ni region going from Zone III to I as expected due to increasing 
precursor concentration. Note that the data shows the presence of a non-uniform, polycrystalline 
MoS2 layer. Further analysis is required to confirm if a continuous film of MoS2 lies underneath 






Figure 64 AFM images of the Ni (left) - SiO2 (right) interface a) Several small crystallites are visible across the Ni 
channels as well some on the SiO2 in Zone I. b) The selectivity considerably improves with fewer and more dispersed 
MoS2 crystallites forming over the Ni channel, and practically none on the SiO2 region in Zone II. c) The crystallites 




5.5 Engineering Growth of MoS2 on Ni-Graphene Substrates 
Graphene has been used as a growth substrate to enable van der Waals epitaxial (vdWE) 
growth of MoS2.163 vdWE allows for growth of crystalline overlayers without the lattice matching 
constraints or strain-induced defects that conventional epitaxy requires.164–166 vdWE has also been 
shown to lower the temperature of crystalline growth (400 ºC) for MoS2 crystals grown on 
graphene layers.128  Similarly, formation of liquid NiSx islands via van der Waals rheotaxy (vdWR) 
has shown to result in larger MoS2 as previously discussed in Section 4.8.111,167 
In this work, the nucleation of TMDC crystals on a thin film of Ni/graphene was 
investigated. A monolayer graphene film was transferred using conventional PMMA transfer 
process from a graphene/Cu foil to a SiO2/Si substrate, following which 1 nm Ni thin film was 
evaporated on the graphene film. MoS2 crystallites were grown via CVD on Ni/graphene substrates 




kinetics of MoS2 crystals. In particular, the ability of graphene to template crystals as the Ni atoms 
allowed for greater interface mobility during growth was investigated. 
Figure 65a shows the growth of MoS2 on transferred monolayer graphene on a SiO2/Si 
substrate. Because of the PMMA based transfer process, some wrinkles and polymer residues 
could be introduced, highlighted by the red arrows. MoS2 prefers to nucleate on these energetically 
active edge sites of graphene and has been demonstrated in previous studies as well.163,168 
However, a film of MoS2 is still present across the relatively flat regions of graphene. The higher 
intensity of the Raman peaks of MoS2 obtained from the surface steps compared to the flat regions 
confirms the preferential nucleation of crystalline MoS2, resulting in the formation of the crossed 
pattern that is seen across the sample (Figure 65c).  
On the other hand, the preferential nucleation of MoS2 on the wrinkled graphene is 
completely absent when a 2 nm Ni film is added between the two. Figure 65b shows the optical 
image obtained from a MoS2/Ni/graphene sample. A more conformal film (light blue contrast) is 
observed through the sample despite the obvious presence of wrinkles and polymer residues in 
certain regions. The black dots likely correspond to NiSx and are similar to the ones observed 
earlier during the patterned growth of MoS2 on Ni films in Section 5.2. The Raman spectra (Figure 
65c) obtained from this region shows a relatively weak peak, suggesting the presence of a thinner 
crystalline MoS2 layer, while the broad PL peak suggests that the MoS2 could be thicker than a 
monolayer and/or polycrystalline. It is thus clear that the addition of metal atoms is important not 
only to control the chemical nature of the surface but also the growth trajectories of epitaxial van 





Figure 65 Effect of Ni/Graphene on MoS2 growth via CVD. a) Optical image obtained from the MoS2/Graphene 
sample. The transferred graphene features several wrinkles and regions with polymer residues. b) Optical image 
obtained from the MoS2/Ni/graphene sample after growth. In the presence of Ni, preferential nucleation is no longer 
observed. c) Raman spectra obtained from different surface sites on the two samples. The MoS2 film is thinner on the 
Ni due as indicated by the weaker Raman peak. 
5.6 Conclusions and Implications for TMDC growth 
This study enabled important insights into the role of surface chemistry and the nature of 
the substrate during the synthesis of crystalline MoS2 films. Insight from our prior in situ TEM 
investigation of Ni-MoS2 thin films in Chapter 4 enabled selective growth of MoS2 crystals over 
Ni thin films. Ni films alter the surface affinity for Mo and S atoms during CVD growth, allowing 
for selective growth of MoS2 crystals. In contrast, Au atoms only seeded MoS2 growth, and once 
MoS2 crystals seeded from the edges of Au thin film, they preferred to grow laterally over the 
surrounding SiO2 substrate. These findings were combined to demonstrate the bottom-up 
fabrication of a back-gated transistor architecture with Au films as the contacts and Ni films over 
the channel. Under optimal conditions, crystalline MoS2 could be caused to grow only over the Ni 




could open pathways for more direct fabrication of MoS2 transistors with no intermediate 
photolithography steps required after MoS2 growth, reducing the contamination from photoresist 
residues across the metal-MoS2 interface. Finally, this study also demonstrated the role of Ni atoms 
in allowing for epitaxial growth of large-area MoS2 films templated with graphene underneath. 
Future work is needed to precisely control the layer thickness and morphology of single-crystalline 
MoS2 over patterned substrates. The role of Ni and other metal atoms in influencing the electronic 






Today, a vast array of TMDCs exist, and the number of layered materials only keeps growing 
with the discovery of other binary and ternary chalcogenides. Yet, very little is understood of the 
phase transformations during the growth of these materials, as well as during the operation of 
devices fabricated with them. This Ph.D. dissertation has aimed to improve our understanding of 
the structural and chemical transformations in MoS2 upon interfacing with a variety of materials. 
Using powerful insights from in situ characterization techniques like XPS, TEM, Raman 
spectroscopy, and XRD, this work has highlighted the importance of understanding these 
interfacial reactions in greater detail to allow for better design of a range of MoS2 applications, 
from energy storage to optoelectronic devices.  
As was seen in the in situ XPS study, contacting different crystallographic sites of the MoS2 
crystal can result in different chemical transformations, depending on the nature of the material 
interfaced. The surface oxide on edge planes passivates them in some cases, and the 
thermodynamically predicted reactions may not even occur. This work demonstrated the 
importance of performing in situ experiments to investigate phase transformations that take place 
upon interfacing the desired contact metals with underlying TMDCs before making a device.  It 
was also observed that the addition of reactive metal species can significantly alter the growth 
pathways of MoS2 crystals, leading to larger resulting crystals. This knowledge was then used to 
selectively fabricate crystalline MoS2 on pre-patterned Ni films while inhibiting growth on Au 
contacts or the SiO2/Si substrate. This work highlights the role of following a bottom-up approach 
to materials development, where the growth dynamics were engineered to control the final 
morphology of the nanostructure. Future work should be dedicated to exploring the role of 




Based on the findings in this dissertation, there are a few promising areas to pursue in the 
future. One exciting area to explore further could be low-temperature synthesis of 2D materials 
enabled by liquid-phase epitaxy. In Section 5.5, we reported that a combination of van der Waals 
epitaxy and liquid-phase epitaxy or rheotaxy could enable the wafer-scale growth of few-layered 
MoS2 on Ni/graphene substrates. While this work and previous studies163,168 have shown that small 
(~10 µm) single-crystalline domains of MoS2 can nucleate preferably on graphene surface steps, 
deposition of a Ni layer on the graphene substrates allowed for wafer-scale growth of MoS2 (the 
size was limited to ~1 cm2 due to the dimensions of the transferred graphene). A detailed 
investigation of the role of different crystalline substrates (Si, Ge, GaAs, etc.) in templating the 
overlayers and reducing the crystallization temperature could be performed via in situ TEM. This 
approach could address problems of integrating TMDCs in the regular semiconducting fabrication 
process steps because of temperature or environmental limitations, in turn lowering the cost or 
retooling requirements for commercial applications.  
Another exciting area would be to use dopant atoms to bond with the active edge sites of these 
TMDC crystals so as to stabilize them under ambient conditions. Currently, the crystals tend to 
degrade via physisorption of O atoms starting at S vacancies or etch pits when stored outside of 
protective conditions.163,168 However, as the in situ XPS studies in Chapter 3 showed, certain metal 
atoms (like Ni) can react with chemically-active edge sites before they are passivated in the 
presence of ambient oxygen. Thus, in situ deposition of metal atoms while the vertically aligned 
MoS2 film is being synthesized could open new pathways for stabilizing this material, as well as 
modulating properties. This could open possibilities of stabilizing other useful TMDCs like TiS2, 
which degrades to TiO2 under ambient conditions.169 Additionally, an atomic resolution in situ 




insight into the kinetic pathways of phase transformations and metal atom diffusion. 
Understanding these pathways could allow engineering of metal-decorated edges of TMDC 
crystals, which may be considerably larger than conventional TMDC crystals formed with 
hydrothermal methods.144-145 Overall, significant progress can be made in the future with a greater 
focus on understanding transformation pathways in metal-TMDC systems in situ, and then using 
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